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8:30  AM  -  8:40  AM  Welcome 

Dr.  Herb  Carlson,  Deputy  Chief  Scientist 
Geophysics  Directorate,  Phillips  Laboratory 


8:40  AM  -  8:50  AM  Opening  Remarks 

Major  J.  Kroll,  AFOSR 
L.  Jeong,  Phillips  Laboratory 

8:50  AM  -  9:10  AM  The  Colorado  SPRITES  ‘95  Campaign:  Initial  Results 

W.A.  Lyons,  ASTER  Division,  Mission  Research  Corp. 

9:1 0  AM  -  9:30  AM  Red  Sprite  and  Blue  Jet  Campaigns  of  the  University  of  Alaska 

D.  Sentman  and  E.  Westcott,  University  of  Alaska 


9:30  AM  -  9:50  AM  Spectral  and  Spatial  Properties  of  Sprites 

S.B.  Mende,  Lockheed  Martin  Palo  Alto  Research  Laboratory 

9:50  AM  - 10:05  AM  Evidence  for  Ionization  in  Sprites  -  N2+  427.8  First  Negative  Emission 
Measured  in  SPRITES  ‘95  Campaign 

R.A.  Armstrong  and  J.  Shorter,  Mission  Research  Corp. 

W.A.  Lyons,  ASTER  Division,  Mission  Research  Corp. 

10:05  AM  -10:20  AM  Fast  Imaging  of  High  Altitude  Atmospheric  Flashes  (Sprites) 

J.D.  Molitoris,  Lawrence  Livermore  National  Laboratory 
J.F.  Arens,  University  of  CA  Berkeley 
C.  Price,  Tel  Aviv  University 

W.  Lyons,  ASTER  Division,  Mission  Research  Corp. 


10:20  AM  - 10:40  AM  Break 

10-40  AM  - 10:50  AM  Short  Wavelength  Infrared  Images  of  Sprites 

P.A.  Bernhardt  and  J.A.  Antoniades,  Naval  Research  Laboratory 


iii 


10:50  AM  - 1 1 :05  AM  Topside  Views  of  Lightning  and  Sprites 

W.L.  Boeck,  Niagara  University 

O.H.  Vaughan,  Jr.  and  R.  Blakeslee,  NASA  Marshall  Space  Flight 
Center 

1 1 :05  AM  - 1 1 :20  AM  Observations  of  Electric  Field  and  X-Rays  Above  Thunderstorms: 
Relevant  to  Optical  Sprites? 

K.B.  Eack,  W.H.  Beasley,  and  M.  Stolzenburg,  University  of 
Oklahoma 

W.D.  Rust,  National  Severe  Storms  Laboratory 
T.C.  Marshall,  University  of  Mississippi 

1 1 :20  AM  - 1 1 :30  AM  US/Russian  Joint  Lightning  Experiments 

S.  Voss  and  E.  Symbalisty,  Los  Alamos  National  Laboratory 

1 1 :30  AM  - 1 1 :40  AM  Measurements  of  Lightning-Generated  Electric  Fields  in  the  Nighttime  D- 

Region 

C.L.  Siefring,  Naval  Research  Laboratory 

1 1 :40  AM  - 12:00  AM  Space-Borne  Observations  of  Intense  Gamma-Ray  Flashes  Above 
Thunderstorms 

G.J.  Fishman,  NASA  Space  Flight  Center 


1 2:00  AM  - 1 :00  PM  Lunch 


1 :00  PM  - 1 :15  PM  Electromagnetic  Fields  of  Red  Sprites 

L.Hale  and  L.  Marshall,  Penn  State  University 


1 :1 5  PM  - 1 :35  PM  Mesoscale  Origin  of  Sprites  and  Schumann  Resonance  Methods  for  their 
Location  on  a  Global  Scale 

E.  Williams,  Massachusetts  Institute  of  Technology 


1 :35  PM  - 1 :55  PM  Sprites,  Blue  Jets,  and  High  Altitude  Optical  Flashes  Produced  by  Quasi- 
Electrostatic  Thundercloud  Fields  and  Lightning  EMP 
U.S.  Inan,  Stanford  University 


1 :55  PM  -  2:05  PM  VLF  Observations  of  the  ionospheric  Effects  of  Lightning  in  East  Coast 
Summer  Storms 

J.V.  Rodriguez  and  K.M.  Groves,  Phillips  Laboratory 


2:05  PM  -  2:25  PM  Measurements  of  Sprites  and  Blue  Jets  with  High-Frequency  Diagnostics 

F.  T.  Djuth,  Geospace  Research  Inc. 


2:25  PM  -  2:40  PM  RF  Measurements  of  Lightning-Induced  Ionospheric  Effects 

K.M.  Groves,  J.V.  Rodrriguez,  P.J.  Erickson,  J.M.  Quinn,  T.  Arce, 
and  M.  Cox,  Phillips  Laboratory 


2:40  PM  -  3:00  PM  Break 
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3:00  PM  -  3:15  PM  Pulsed  Radar  Investigations  of  Red  Sprites 

R.T.Tsunoda,  SRI  International 

3:15  PM  -  3:35  PM  On  Runaway  Breakdown  and  Upward  Propagating  Discharges 

R.  Roussel-Dupre  and  Y.  Taranenko,  Los  Alamos  National 
Laboratory 

A.V.  Gurevich,  Lebedev  Institute  of  Physics 

3:35  PM  -  3:50  PM  Numerical  Simulations  of  Lower  Ionospheric  Breakdown  Caused  by 

Lightning-Generated  Electric  Fields 

H.L.  Rowland,  R.F.  Fernsler,  C.L.  Siefring,  and  P.A.  Bernhardt, 
Naval  Research  Laboratory 

3:50  PM  -  4:00  PM  Runaway  Breakdown  in  the  Presence  of  a  Magnetic  Field 

G.M.  Milikh,  K.  Papadopoulos,  and  J.  Valdivia,  University  of 
Maryland 

A.V.  Gurevich,  Lebedev  Institute  of  Physics 

4:00  PM  -  4:10  PM  On  the  Fine  Structure  of  the  Red  Sprites 

K.  Papadopoulos,  G.M.  Milikh,  and  J.  Valdivia,  University  of 
Maryland 

4:10  PM  -  4:30  PM  Nonequilibrium  Infrared  Radiative  Modeling  -  Application  to  Sprites 

R.H.  Picard,  J.R.  Winick,  Phillips  Laboratory 
P.P.  Wintersteiner,  ARCON  Corp. 

R.A.  Armstrong  and  J.  Shorter,  Mission  Research  Corp. 


Thursday,  19  October 


8:30  AM  -  9:00  AM  Overview  of  Air  Force  Program  Plans 

Major  J.  Kroll,  AFOSR 
L.  Jeong,  Phillips  Laboratory 

9:00  AM  -  9:30  AM  Overview  of  NASA  Sprite  Activities 

R.  Howard,  NASA  Headquarters 

9:30  AM  - 1 0:00  AM  Overview  of  Air  Force  ARES  Aircraft  Program 

P.  Kupferman,  Aerospace  Corp. 

10:00  AM  - 12:00  AM  Summary  and  Discussion  of  Major  Research  Issues 
12:00  AM  - 1:00  PM  Lunch 
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1 :00  PM  -  5:00  PM  Discussion  of  Major  Research  Issues  (continued) 

Discussion  of  Experiments  for  SPRITES  ‘96  Campaign 

5:00  PM  End  of  Meeting 
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THE  SPRITES'95  CAMPAIGN 


Our  Guiding  Principles 


ASTeR,  Inc. 

Yucca  Ridge  Field  Station 
46050  Weld  County  Road  13 
Ft  Collins,  CO  80524 
(voice)  970-568-7664 

(fax)  970-482-8627 

(e-mail)  lyonsccm@csn.org 
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A  Large  Scale 

Multi-Agency,  Multi-Disciplinary 
Research  Effort  Seeded  by  the 
NASA  KSC  SBIR  Phase  II  Project 


18  Teams  of  Investigators 
(US,  Japan,  New  Zealand) 

46  Scientists  and  Support  Staff 

45  Day  Intensive  Field  Program  [CO] 

Optical 

[visible,  infrared,  ultraviolet,  all  sky  OH  and  narrow  band] 

Spectra  (Narrow  and  Broad-Band) 
In-situ  Electric  Field  Measurements 

ELF,  VLF 
VHF 
Radar 

Acoustic  (Infrasound) 

Satellite 


ASTER,  Inc.  SPRITE-RELATED  PUBLICATIONS/PRESENTATIONS 


Publications 

Lyons,  W.A.,  1996:  The  SPRITES'95  field  campaign:  Initial  results  -  characteristics  of  sprites  and  the 
mesoscale  convective  systems  that  produce  them.  Preprints,  18th  Conf.  on  Severe  Local  Storms,  AMS, 
San  Francisco,  5  pp. 

Lyons,  W.A.  and  T.E.  Nelson,  1996:  Processing,  integrating  and  displaying  disparate  data  sources  from 
the  SPRITES'95  field  program.  Preprints,  12th  HIPS  for  Meteor.,  Oceanog.  and  HydroL,  AMS, 
Atlanta,  6  pp. 

Fukunishi,  H.,  Y.  Takahashi,  M.  Kubota,  K.  Sakanoi,  U.S.  Inan  and  W.A.  Lyons,  1996:  Elves: 
Lightning-induced  transient  luminous  events  in  the  lower  ionosphere.  Nature  (in  press). 

Dowden,  R.L.,  J.B.  Brundell  and  W.A.  Lyons,  1996:  Are  VLF  RORDs  and  optical  sprites  produced  by  the 
same  cloud-to-ionosphere  discharge?  I.  Geophvs.  Res.,  (in  preparation). 

Mende,  S.B.,  R.L.  Rairden,  G.R.  Swenson  and  W.A.  Lyons,  1995:  Sprite  spectra:  N2  First  Positive  Band 
Identification.  Geophvs.  Res.  Lett.,  22,  2633-2636. 

Winckler,  J.R.,  W.A.  Lyons,  T.  E.  Nelson  and  R.J.  Nemzek,  1995:  New  high-resolution  ground  based 
studies  of  sprites.  1.  Geophysical  Res,  (submitted). 

Inan,  U.S.,  T.F.  Bell,  V.  Pasko,  D.  Sentman,  E.  Wescott  and  W.  Lyons,  1995:  VLF  signatures  of  red 
sprites.  Geophys.  Res.  Lett,  (submitted). 

Boccippio,  D.J.,  E.R.  Williams,  W.A.  Lyons,  I.  Baker  and  R.  Boldi,  1995:  Sprites,  ELF  transients  and 
positive  ground  strokes.  Science,  269, 1088-1091. 

Lyons,  W.A.,  1995:  The  relationship  of  large  luminous  stratospheric  events  to  the  anvil  structure  and 
cloud-to-ground  discharges  of  their  parent  mesoscale  convective  system.  Preprints,  Conf.  on  Cloud. 
Physics,  AMS,  Dallas,  541-546. 

Lyons,  W.A.,  1994:  Characteristics  of  luminous  structures  in  the  stratosphere  above  thunderstorms  as 
imaged  by  low-light  video.  Geophysical  Research  Letters,  21,  875-878. 

Lyons,  W.A.  and  E.R.  Williams,  1994:  Some  characteristics  of  cloud-to-stratosphere  "lightning"  and 
consideration  for  its  detection.  Preprints.  Symposium  on  the  Global  Electrical  Circuit,  Global 
Change  and  the  Meteorological  Applications  of  Lightnine  Information,  AMS,  Nashville,  8  pp. 

Lyons,  W.A.,  1994:  Low-light  video  observations  of  frequent  luminous  structures  in  the  stratosphere 
above  thunderstorms.  Mon.  Wea.  Rev.,  122, 1940-1946. 

Lyons,  W.A.  and  E.R.  Williams,  1993:  Preliminary  investigations  of  the  phenomenology  of  cloud-to- 

stratosphere  lightning  discharges.  Preprints,  Conference  on  Atmospheric. Electricity,  American 

Meteorological  Society,  St.  Louis,  8  pp. 
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Presentations 


Lyons,  W.A.,  1996:  Coordinated  RF  and  optical  measurements  of  sprites,  jets  and  elves  in  the  Colorado 
SPRITES'95  campaign.  National  Radio  Science  Meeting,  Boulder,  CO.  (abstract  only). 

Armstrong,  R.A.,  J.  Shorter,  W.A.  Lyons,  L.  Jeong  and  W.A.M.  Blumberg,  1995:  Evidence  for  ionization  in 
sprites  -  N2+  478.8  first  negative  emission  measured  in  SPRITES'95  campaign.  AGU  winter  meeting, 
San  Francisco,  EOS  (abstract  only). 

Lyons,  W.A.  and  T.E.  Nelson,  1995:  The  Colorado  SPRITES'95  Campaign:  Initial  results.  AGU  winter 
meeting,  San  Francisco,  EOS  (abstract  only). 

Rairden,  R.L.,  S.B.  Mende  G.R.  Swenson  and  W.A.  Lyons,  1995:  Ground  based  observations  of  airglow 
above  thunderstorms.  AGU  winter  meeting,  San  Francisco,  EOS  (abstract  only). 

Takahashi,  Y.,  M.  Kubota,  K.  Sakanoi,  H.  Fukunishi,  U.S.  Inan,  and  W.A.  Lyons,  1995:  Spatial  and 
temporal  relationships  between  lower  ionospheric  flashes  and  sprites.  AGU  winter  meeting,  San 
Francisco,  EOS  (abstract  only). 

Dowden,  R.L.,  J.  Brundell,  W.A.  Lyons  and  T.  Nelson,  1995:  RORDs  and  sprites.  AGU  winter  meeting, 
San  Francisco,  EOS  (abstract  only). 

Williams,  E.,  D.  Boccippio,  C.  Wong,  W.  Lyons,  M.  Ishii  and  W.  Koshak,  1995:  The  physical  origin  of 
Schumann  resonance  excitation.  AGU  winter  meeting,  San  Francisco,  EOS  (abstract  only). 

Inan,  U.S.,  S.C.  Reising,  V.P.  Pasko  and  W.A.  Lyons,  1995:  VLF  signatures  of  ionospheric  disturbances 
associated  with  sprites.  AGU  winter  meeting,  San  Francisco,  EOS  (abstract  only). 

Lyons,  W.A.,  l.T  Baker,  T.E.  Nelson,  R.  Armstrong,  J.  Shorter,  J.  R.  Winckler,  R.J.  Nemzek,  P  R.. 
Malcolm  and  E.R.  Williams,  1995:  Sprite  Observations  above  the  U.S.  High  Plains.  Preprints, 
IUGG,  Boulder,  CO  (poster,  abstract  only). 

Lyons,  W.A.,  1995:  Observations  of  sprites  above  intense  thunderstorms  during  the  1994  Colorado  Sprite 
Campaign.  URSI,  National  Radio  Science  Meeting,  (abstract  only) 

Lyons,  W.A.,  l.T.  Baker,  T.E.  Nelson,  J.R.  Winckler,  R.J.  Nemzek,  P.R.  Malcolm,  E.R.  Williams  and  D. 
Boccippio,  1994:  The  1994  Colorado  SPRITE  Campaign  (abstract),  EOS,  75,  vol.  44,  p.  108. 

Lyons,  W.A.,  IT.  Baker,  T.E.  Nelson,  J.R.  Winckler,  R.J.  Nemzek,  E.R.  Williams,  D.  Boccippio  and  P.R. 
Malcolm,  1994:  New  observations  of  luminous  stratospheric  and  ionospheric  events  above  intense 
thunderstorms  (abstract).  EOS  ,  75,  vol.  44,  p.  108. 

Winckler,  J.R.,  W.A.  Lyons,  T.  Nelson  and  R.J.  Nemzek,  1994:  New  high-resolution  ground-based 
studies  of  cloud-ionosphere  discharges  (abstract).  EOS,  75,  vol.  44,  p  107. 

Boccippio,  D.,  E.  Williams,  W.  A.  Lyons,  I.  T.  Baker  and  R.  Boldi,  1994:  Sprites,  Q-bursts  and  positive 
ground  flashes  (abstract).  EOS,  75,  vol.  44,  p.  108. 
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DATES  (UTC)  WITH  IMAGED  SPRITES 

§  §  §  §  § 


19  June 

20  June 

21  June 
23  June 
25  June 
27  June 
04  July 
07  July 
08  July 

12  July 

13  July 

15  July 

16  July 

20  July 

21  July 

22  July 

23  July 

24  July 

25  July 

26  July 

27  July 
31  July 

3  August 

4  August 
6  August 


24  hour  operation;  80  acres  for  deployment 

1000  km  radius  of  operations  for  optical  (areal 
coverage  400,000  km2) 

3  year  sprite  archive 

available  now 

culturally  quiet  for  RF 

can  "guarantee"  sprites  25-50  nights  per  warm 
season  (ideal  storms  and  viewing  conditions) 

have  meteorological  data  acquisition 
infrastructure  in  place 

convenient  to  other  related  facilities 


low  overhead 


FROM  THE  YUCCA  RIDGE  FIELD  STATION... 

SOME  INITIAL  ACCOMPLISHMENTS 

NAS10-12113  and  Cooperating  Groups 

•  Confirmed  high  frequency  of  spites  above  high  plains  MCSs 

•  Relationship  of  sprites  to  large  positive  CGs 

•  Relationships  between  Sprites,  +CGs  and  Q-bursts 

•  Multi-channel  high  speed  photometry  identified  lower  ionospheric  flash 

as  separate  entity  (ELVES) 

•  Stereo  imaging  confirms  sprites/+CG  proximity 


•  More  evidence  for  "blue"  jets 

•  Developed  sprite  forecasting  tools  for  mesoscale  convective  systems 

•  Coordinated  optical  and  RF  measurements  of  specific  sprite  events 

•  Confirmed  presence  of  "VLF  sprites" 

•  Multiple  ELF  Q-burst  measurements,  confirmed  relationship  w/  sprites 

•  Obtained  numerous  spectra 

•  Evidence  of  significant  ionization  in  sprites  and  or  elves 

•  Initial  calculations  of  impact  upon  upper  atmospheric  chemistry 

•  High  speed  infrared  optical  and  infrared  measurements  (IROCS) 

•  Active  probing  of  sprites  using  radar 

•  Vectored  balloon-borne  electric-field  measurements  above  Kansas 

•  Imaged  gravity  waves  emanating  from  sprite  producing  storm  system 

and  evidence  of  other  luminous  phenomena 
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EMERGING  SCIENTIFIC  QUESTIONS 


•  How  are  sprites,  elves  and  jets  different  from  each  other? 

•  What  is  the  entire  spectrum  of  each  phenomena  [UV-visible-IR]  ? 

•  What  other  phenomena  are  present  above  thunderstorms? 

•  What  don't  large  negative  CG  apparently  produce  sprites? 

•  Why  do  only  some  large  positive  CGs  produce  sprites  and  elves? 

•  What  actually  triggers  a  sprite,  jet  or  elve? 

•  What  is  the  cause  of  the  fine  structure/tendrils  in  sprites? 

•  So  sprites  illuminate  pre-existing  atmospheric  structure? 

.  What  role,  if  any,  do  storm-generated  gravity  waves  play  in  sprite  structure? 

•  What  is  the  direction  of  propagation  for  sprites  and  elves? 

•  Why  do  some  mature  storms  wait  several  hours  before  generating  sprites? 

•  Do  sprites,  jet  and  elves  also  occur  during  the  day? 

•  Are  sprites  induced  by  large  "spider"  lightning  discharges? 

•  Relationship  to  x-rays,  gamma  rays  and  TIPPS/SIPPS? 

•  What  is  the  structure  of  the  ENTIRE  lightning  discharge  producing  sprites? 

•  Can  sprites  generate  acoustic  waves? 

•  What  is  the  electric  field  above  the  parent  thunderstorms? 

•  Can  we  use  ELF/VLF  measurements  for  global  detection  and  location? 

•  What  are  their  roles  in  the  global  circuit? 

•  Relationship  to  whistlers/trimpis  ? 

.  What  is  the  global  temporal  and  spatial  climatology  of  sprites,  jets  and  elves? 

•  What  are  the  atmospheric  chemistry  impacts  of  sprites,  elves  and  jets? 

•  Do  they  pose  a  hazard  to  aerospace  navigation  between  20  -110  km  altitude? 
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This  is  a  "holding  category"  for  the  various  other  phenomena  which  are  yet  to  be 
identified  and  named.  It  is  not  proposed  to  be  used  in  formal  publications. 
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24  Tuly  1995 

Sprites  and  elves  both  result  from  large  positive  CG 
events  -  but  elves  seem  to  be  associated  with  the  largest 

of  the  +CG  flashes. 

Phenomena  _ Number  Avg  Peak  Current - Largest 

SPRITES  68  58  kamp  113  kamp 

ELVES  14  104  kamp  200  kamp 
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JUL-AUG  1993,  JUN-SEP  1994 

All  strikes  larger  than  lOOkA 
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areas  of  selected  1994  storms 


storm  area  (xIOOO  sq.  km) 


(HIGH  PLAINS) 
FORECAST 
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1995 
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32 


*  ASTeR,  Inc. 

Atmospheric  Simulation,  Testing  &  Research 

46050  Weld  County  Road  13  •  Ft.  Collins,  CO  80522  •  970-568-7664 

DATE:  31  October  1995 

FROM:  Walt  Lyons 

RE:  SPRITES  ‘95  Project  Participants 

The  following  is  the  updated  roster  of  direct  and  indirect  participants  for  the  SPRITES  ‘95  Campaign  in  Colorado. 
Please  inform  us  if  there  are  any  errors  in  this  information  and/or  yoyu  wish  to  provide  additional  information. 


-H* 

ASTeR,  Inc* 

Participants:  Walt  Lyons,  Tom  Nelson,  Liv  Lyons 

Y ucca  Ridge  Field  Station 

46050  Weld  County  Road  13 

Ft  Collins,  CO  80524 

970-568-7664 

970-482-8627 

lyonsccm@  csn.org 

voice 

fax 

e-mail 

Mission  Research  Corporation 

Participants:  Dr.  Russ  Armstrong,  Dr.  Jeff  Shorter 

One  Tara  Blvd.,  Suite  302 

Nashua,  NH  03062-2801 

603-891-0070,  x203 

603-891-0088 

@  lanl.gov:rarmstrong@  mrcnh.com 

voice 

fax 

e-mail 

Lawrence  Livermore  National  Lab 

Participants:  Dr.  John  Molitoris/Dr.  Colin  Price 

Regional  Atmospheric  Sciences  Div. 

7000  East  Avenue 

PO  Box  808,  MS/L-262 

510423-3496 

510423-2300 

520422-5844 
molitoris  1  @llnl.gov 

voice  (JM) 
voice  (CP) 
fax 
e-mail 

STAR  Lab,  Stanford  University 

Participants:  Prof.  Umran  Inan,  Steve  Reising, 

Bill  Trabucco,  Alexander  Slingeland 

Durand  321.MC-4055 

Stanford  University 

Stanford  CA  94305 

415-7234994 

415-723-1461 

415-723-9251 
inan@nova.stanford.edu 
scr@  nova.stanford.edu 
trabucco@nova.stanford.edu 

voice 

voice 

fax 

e-mail 

e-mail 

e-mail 

Tohoku  University 

Participants:  Profs.  Yukihiro  Takahashi,  M.  Kubota  and 
Prof.Hiroshi  Fukunish 

DepL  of  Astrophysics  &  Geophysics 

Sendai,  Miyagi  980-77,  Japan 

011+81  22  217  6537 

011+81  22  217  6739 
yukihiro@stpp2.geophys.tohoku.ac.jp 

voice 

fax 

e-mail 

University  of  Otago 

Participant:  Prof.  Richard  L.  Dowden 

Department  of  Physics 

PO  Box  56 

Dunedin,  New  Zealand 

011+64  03  479  7752 

011+64  03  479  0964 
dowden@newton.otago.ac.nz 

voice 

fax 

e-mail 

* 

Utah  State  University 

Participants:  Prof.  Michael  Taylor,  Peter  Mace 

Space  Dynamics  Laboratory 

Logan,  Utah  843224145 

801-797-0491  (PM),  797-3919  (MT) 
801-7974044 
petermace@cc.usu.edu 
taylor@psi.sci.sdl.usu.edu 

voice 

fax 

e-mail 

e-mail 

Lockheed  Space  and  Missile 

Participants:  Stephen  Mende,  Rick  Rairden 

DepL  91-20,  Building  252 

3251  Hanover  Street 

Palo  Alto,  CA  94304 

415424-3282 

415424-3333 

rairden@  lockhd .  space.lockeed.com 
mende@  sag.space.lockheed.com 

voice 

fax 

e-mail 

e-mail 
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Pennsylvania  State  University 
Participants:  Les  Hale,  Lee  Marshall 
780  Suzanne  Ave. 

Las  Cruces,  NM  88005 


SRI  International 

Participant:  Dr.  Roland  T.  Tsunoda,  John  Buonacore 
Geoscience  &  Engineering  Center 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

Massachusetts  Institute  of  Technology 
Participants:  Dr.  Earle  Williams,  Charles  Wong 
Lincoln  Lab,  Group  43,  Weather  Systems 
Cambridge,  MA 


Los  Alamos  National  Laboratory 

Participant:  Dr.  Robert  Franz,  Dave  Smith 

LANL 

MS  D466 

Los  Alamos  NM  87545 


University  of  Minnesota 
Participant:  Prof.  John  Winckler 
2012  Irving  Avenue  South 
Minneapolis,  MN  55405 

Dr.  Robert  Nemzek 
4226  C  Alabama  Avenue 
Los  Alamos,  NM  87544 

National  Severe  Storms  Laboratory 
Participants:  Dr.  W.  David  Rust, 

Dr.  Thomas  Marshall  (U  of  Miss) 

1313  Halley  Circle 
Norman,  OK  73069 

GeoSpace  Research,  Inc. 

Participants:  Frank  T.  Djuth,  Matthew  Cox,  Ken  Williams 
550  N.  Continenrtal  Blvd. 

Suite  110 

El  Segundo,  CA  90245 


US  Air  Force  Academy 
Participants:  Maj.  Perry  Malcolm, 

Maj.  Geoff  McHarg,  Maj.  Scott  Dudley 
HQ  USAFA/DFP 
2354  Fairchild  Drive,  Suite  2A42 
USAF  Academy,  CO  80840-6254 


505-647-0104 

voice  (LH) 

505-642-1906 

voice  (LH) 

814-863-8457 

fax(LM) 

814-867-8077 

voice  [LM] 

415-859-3124 

voice 

415-322-2318 

fax 

tsunoda@  unix .  sri.com 

e-mail 

617-253-2459 

voice  (MIT) 

617-981-7430 

voice  (LL) 

617-253-4689 

voice  (CW) 

617-981- 

fax 

401-397-8982 

(V-RI  SR  site) 

505-665-3331 

voice(RF) 

505-667-1055 

voice  (DS) 

505-665-2483 

fax 

rfranz@lanl.gov 

e-mail 

smithda@lanl.gov. 

e-mail 

505-665-7395 

fax(DS) 

612-374-5722 

voice 

505-662-7621 

(home) 

nemzek@delphi.com 

e-mail 

405-366-0404 

voice 

405-366-0472 

fax 

rust@nssl.uoknor.edu 

e-mail 

405498-3735 

pager 

310-322-1160 

voice 

310-322-2596 

fax 

djuth@  netcom  .com 

e-mail 

719472-2579 

voice  (PM) 

malcolmpr%dfp%usafa@dfmail.usafa.af.mil  e-mail 

719472-3055 

voice  (GM) 

719481-8543 

voice  (GM)  (home) 

grahm@nord.usafa.af.mil 

e-mail  (GM) 

719472-3055 

voice  (SD) 

e-mail 


p 
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18th  Conf.  on  Severe  Local  Storms 
American  Meteorological  Society 
San  Francisco,  CA  19-23  February  1996 

THE  SPRITES  ‘  95  FIELD  CAMPAIGN:  INITIAL  RESULTS  - 
CHARACTERISTICS  OF  SPRITES  AND  THE  MESOSCALE  CONVECTIVE 

SYSTEMS  THAT  PRODUCE  THEM 

Walter  A.  Lyons 

ASTeR,  Inc. 

Ft.  Collins,  CO  80524 


1.  INTRODUCTION 

Anecdotal  reports  of  unusual  “lightning”  discharging  upward 
into  the  stratosphere  or  beyond  have  been  reported  for  over  a 
century  (Toynbee  and  Mackenzie  1886)  and  were  theoretically 
postulated  by  Wilson  (1956).  Little  import  was  accorded  such 
“cloud-to-space”  lightning  reports  until  1989  when  a  chance 
observation  from  a  low-light  video  system  documented  a 
transient  (<33  ms)  luminous  structure  extending  3CM0  km 
above  a  thunderstorm  top  (Franz  et  al.  1990)  ignited  interest 
in  this  subject.  Subsequently,  similar  features  were  discovered 
in  low-light  video  images  of  storm  systems  taken  onboard 
the  Space  Shuttle  (Boeck  et  al.  1995).  Low-light  video 
imaging  from  the  Yucca  Ridge  Field  Station  (YRFS)  in 
Colorado  since  1993  (Lyons  1994  a.b)  have  confirmed  over 
1500  of  these  large,  luminous  structures,  now  called  sprites, 
in  the  stratosphere  and  mesosphere  above  mesoscale 
convective  systems  (MCS).  Sprite  rates  as  high  as  once  per 
two  minutes  have  been  found  with  the  most  active  systems. 
Sprites  can  extend  from  above  the  cloud  tops  to  almost  100 
km  altitude  and  can  be  many  tens  of  kilometers  wide  (Fig.  1). 
The  detectable  optical  emissions  may  last  20  to  200  ms.  They 
clearly  appear  to  be  related  to  electrical  discharges  within  the 
storm.  Concern  that  such  a  potentially  energetic  event  occurs 
within  portions  of  the  upper  atmosphere  routinely  traversed 
by  aerospace  vehicles,  in  particular  the  Space  Shuttle,  led 
NASA  to  fund  a  multi-year  research  effort.  Among  the  goals  of 
this  current  program  are  to  determine  the  predictability  of 
such  events.  This  implies  understanding  the  characteristics  of 
the  parent  thunderstorms  and  their  lightning  discharges 
which  result  in  sprites. 

2.  THE  SPRITES’95  CAMPAIGN 

A  NASA-KSC  funded  field  program  was  conducted  at  the  Yucca 
Ridge  Field  Station,  located  some  20  km  northeast  of  Ft. 
Collins,  CO  during  the  summer  of  1995  (10  June  -  6  August). 
This  site  has  a  panoramic  view  of  the  nocturnal  thunderstorms 
which  form  over  the  High  Plains.  Low-light  video  systems 
have  detected  sprites  at  ranges  up  to  1000  km  from  YRFS.  In 
addition  to  ASTeR’s  base  experiments  of  low-light  video 


Corresponding  author  address: :  Walter  A.  Lyons,  CCM, 
ASTeR,  Inc.,  46050  Weld  County  Road  13,  Ft.  Collins,  CO 
80524,  (Voice)  970-568-7664;  (Fax)  970-482-8627;  e-mail: 
lyonsccm@csn.org 


monitoring  and  coincident  VLF  and  ELF  measurements, 
coordinated  observations  were  made  by  numerous 
organizations  in  1995  (Table  1).  Additional  optical 
measurements  using  special  CCD  sensors  and  photometers 
were  made  by  Lawrence  Livermore  National  Lab,  Tohoku 
University,  the  University  of  Alaska  and  Mission  Research 
Corporation.  Coordination  of  measurements  allowed  for 
Mende  et  al.  (1995)  to  obtain  optical  spectra  indicating  the 
presence  of  the  NT2  1  PG  bands,  confirmatory  of  the  red 
coloration  of  the  sprites  reported  by  Sentman  et  al.  (1995).  A 
suite  of  ELF  and  VLF  measurements  during  sprite  events  were 
taken  by  MIT,  Stanford  University  (STAR  Labs)  and  the 
University  of  Otago  (New  Zealand).  Other  VHF  propagation 
data  were  collected  by  GeoSpace  Research,  Inc.  The  National 
Severe  Storms  Laboratory  and  the  University  of  Mississippi 
(Dave  Rust  and  Tom  Marshall)  deployed  an  instrumented  van 
(video,  electric  field)  beneath  the  MCS  anvils  and  made 
balloon  soundings  of  electric  fields  in  the  stratosphere  above 
anvils  of  sprite-producing  MCS. 


Fig.  1  Large  sprite  cluster,  some  325  km  NNE  of  the  YRFS 
low-light  camera  site  (0620  UTC  26  July  1995).  The  glow 
above  the  distant  storm  top  is  the  from  the  parent  lightning. 
The  vertical  striping  is  an  arLifact  of  the  imager.  (Courtesy  of 
Steve  Mende  and  Rick  Rairden,  Lockheed  Space  and  Missile). 
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Table  1.  Participants  in  SPRITES'95 


A$TeR,  Inc..  Fort  Collins,  Colorado, 

Walter  Lyons ,  Project  Director;  Tom  Nelson 

dual  Xybion  ISS-255  low  light  imagers  •  ELF  and  VLF 

measurements  •  photometer  •  meteorological  data 

Tohoku  University,  Sendai,  lapan 

Hiroshi  Fukunishi,  Yukihiro  Takahashi, 

Minoru  Kubota 

multiple  (4)  high  speed  l°xlO°  FOV  photometers 

University  of  Otago,  Dunedin,  New  Zealand 

Richard  Dowden  -  OMNI  PAL  VLF  interferometry  (3  sites) 

STAR  Laboratory,  Stanford  University 

Umran  Inan ,  Steve  Reising,  Bill  Trabucco ,  Alex  Slingeland 
narrowband  VLF  from  mobile  van  •  VLF  narrowband 
and  broadband  (0-30  kHz)  VLF  at  YR  •  VLF 
observations  in  conjugate  region  (Palmer  station) 

GeoSpace  Research,  Inc. 

Frank  Djuth,  Matt  Cox,  Ken  Williams  -  bi-static 
propagation  (WWV  at  2.5,  5,  10,  15  and  20  mHz  and  28 
mHz  transmissions) 

Utah  State  Universitv,  Space  Dvnamics  Lab 

Michael  Taylor ,  Peter  Mace 

all  sky  airglow  camera  *  highly  sensitive  low-light 
vidicon  and  SIT  cameras  (filtered) 

Lawrence  Livermore  National  Laboratorv 

John  Molitoris,  Colin  Price 

IROCS  -  infrared  optical  camera  system  •  fast  optical 
imager  •  large  format  optical  imager 

Massachusetts  Institute  of  Technology 

Earle  Williams,  Charles  Wong,  Bob  Boldi 

Schumann  Resonance/ Q-bursts  at 

Rhode  Island  and  YR  sites 

NOAA,  National  Severe  Storms  Laboratorv 

David  Rust,  Thomas  Marshall 

lightning  video  and  balloon-borne  electric  field  mill 

Pennsvlvania  State  Universitv 

Les  Hale ,  Lee  Marshall 

ELF  and  VLF  measurements 

Los  Alamos  National  Laboratorv 

Robert  Franz,  Dave  Smith 
measurements  of  TIPPS  and  SIPPS 

Mission  Research  Corporation,  Nashua,  NH, 

Russ  Armstrong,  Jeff  Shorter 

CCD  cameras  system  and  photometer 

Lockheed  Space  and  Missile 

Steve  Mende,  Rick  Rairden 

imaging  spectrometer  and  low-light  video 

SRI  International 

Roland  Tsunoda,  John  Buonocore 
tunable  radar  system  (2-30  mHz) 

NASA  Kennedy  Space  Center  &  MSFC 

Carl  Lennon ,  Launa  Maier ,  Otha  Vaughan,  Jr. 

LDAR  *  ELF/Q-burst  measurements  •  OTD 

Fig.  2.  A  schematic  of  the  hypothesized  cloud  morphology 
and  electrical  discharge  mechanisms  believed  to  be 
responsible  for  the  sprite  phenomenon  in  the  stratosphere 
and  mesosphere  due  to  the  quasi-electrostatic  mechanism. 
This  model  is  appropriate  for  midwestern  mesoscale 
convective  systems  but  may  not  be  globally  valid. 
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horizontal  fie  Id  of  view,  looking  east  from  YRFS,  15  July 
1995  (a)  06:00:26.795  UTC  showing  apparent  blue  jet 
(center)  surrounded  by  ring  of  several  small  sprites,  (b) 
06:04:01.543  UTC,  large  sprite  partially  obscured  by  clouds, 
and  (c)  06:10:22.383,  elve  (horizontal  glow)  and  sprite 
(vertical  tendrils)  occurring  during  same  117  ms  video  field. 


The  focus  of  this  paper  is  to  begin  quantification  of  the  types 
of  storms  that  generate  sprites  above  the  U.S.  High  Plains. 

Previous  experience  (Lyons  1995)  has  suggested  that  only 
*  o 

the  larger  MCS  (radar  precipitation  area  >25,000  knrm) 

generate  sprites,  and  only  if  they  also  possess  significant 
numbers  of  high  peak  current,  positive  polarity  cloud-to- 
ground  (CG)  discharges  detected  by  the  National  Lightning 
Detection  Network  (NLDN),  preferably  in  a  bi-polar  pattern. 
During  1995,  we  monitored  a  wide  variety  of  convective 
storm  types  demonstrating  a  variety  of  CG  lightning 
characteristics  in  order  to  confirm  or  revise  our  working 
hypothesis.  Initial  results  suggest  that  the  above  criteria  were 
essentially  correct,  though  some  slightly  smaller  systems 
(on  the  order  of  20,000  km^)  could  also  generate  a  few 
sprites.  On  25  nights  during  the  1995  experiment,  both 
storm  characteristics  and  viewing  conditions  were  deemed 
conducive  to  sprite  observations.  On  all  of  these  25  nights, 
at  least  one  sprite  was  delected.  Numerous  smaller  (sometimes 
severe)  convective  storms  were  also  monitored,  but  without 
evidence  of  sprues.  It  has  been  previously  demonstrated  that 
sprites  are  uniquely  associated  with  powerful  cloud-to-ground 
(CG)  flashes  having  positive  polarity  (Lyons  1995; 
Boccippio  ei  ah  1995).  Do  sprites  occur  systematically  over 
any  special  typc(s)  of  convective  systems?  A  working 
hypothesis  :F:g.  2)  suggests  that  an  extensive  mesoscale 
stratiform  precipitation  region  is  required.  This  allows  for 
horizontally  extensive  in-cloud  lightning  discharges 
(sometimes  called  dendritic  or  “spider”  lightning)  in 
association  w;:h  a  large  -CG  flash.  Balloon-bom  field  mills 
have  demonstrated  the  presence  of  large  regions  of  positively 
changed  am  il  cloud  (Marshall  et  ah  1995).  It  is  suspected 
that  the  transfer  of  large  quantities  of  charge  within  the  broad 
anvil  m  association  with  the  +CG  event  is  a  critical  aspect  of 
the  sprite  formation  process. 

A  large  MCS  developed  over  eastern  Colorado  and  Kansas 
after  0100  UTC  15  July  1995.  Low  clouds  along  the  Front 
Range  prevented  viewing  until  shortly  before  0600  UTC. 
However,  as  clouds  cleared,  in  one  eleven  minute  period,  three 
distinct  types  of  mesospheric  luminous  transient  events  were 
noted.  A  “blue  jet,”  first  identified  by  Wescott  et  ah  (1995) 
rose  upwards  from  behind  a  cloud  bank  over  a  six  video  field 
period  (100  ms).  It  was  characterized  by  a  bright  leading  from 
and  a  glowing  trail  (rather  like  a  roman  candle).  It  was 
oriented  about  25  degrees  off  the  vertical,  and  subtended  an 
angle  of  approximately  10  degrees.  During  the  forth  video 
field  (50-67  ms  into  the  event)  a  “ring”  of  small  sprites 
appeared  around  the  ascending  jet  (Fig.  3a).  These  sprites 
lasted  only  for  one  video  field.  The  event  was  most  likely 
related  to  a  36  kamp  rCG  flash  at  0600.26.650  UTC  at  89° 
azimuth  and  326  km  from  YRFS.  At  0604.01  UTC  a  very  large 
and  bright  sprite,  displaying  downward  diverging  tendrils, 
was  imaged  (Fig.  3b).  It  was  most  likely  associated  with  a 
116  kamp  +CG  occurring  at  0604.01.526  UTC  at  a  93° 
azimuth  and  290  km  range.  The  next  event  (Fig.  3c),  at 
0610.22  UTC,  included  an  example  of  another  recently 
identified  phenomena  called  “elves.”  This  is  most  likely  the 
bright,  very  transient  disk-shaped  enhancement  of  the 
airglow  layer  seen  in  Space  Shuttle  video  reported  by  Boeck 
et  al.  (1992).  Similar  disk -shaped  glows  were  noted  by  Lyons 
et  al.  (1994).  Fukunishi  et  al.  (1995)  confirmed  that  elves  and 
sprites  were  distinct  phenomena  using  a  fast  response  (15  ps) 
photometer  operated  in  conjunction  with  the  low-light  video 
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Time  [msec] 

Fig.  4.  High  speed  photometer  traces  revealing  that  a  broad 
disk  shaped  glowing  region  and  vertically  oriented  sprite-like 
tendrils  were  two  separate  events.  The  First  (an  elve)  lasted 
less  than  1  ms  and  was  likely  a  response  to  the  lightning 
CG*s  EMP  whereas  the  dimmer  but  much  longer  lasting  sprite 
occurred  roughly  10  ms  later,  possibly  in  response  to  a  quasi- 
electxostatic  mechanism.  (Fukunishi  et  ah  1995). 


systems  at  YRFS  (Fig.  4).  Numerous  cases  of  a  broad,  disk¬ 
shaped  glows  at  altitudes  (85-105  km)  slightly  higher  than 
the  sprites  lasting  less  than  1  ms  were  noted,  some  with  and 
many  without  associated  sprites  (the  sprites  generally 
occurring  5  to  30  ms  after  the  elve).  The  +CG  associated  with 
the  sprite/elve  combination  occurring  at  0610.22.387  UTC, 
was  located  at  83°  azimuth  and  325  km  range,  and  had  a  very 
high  peak  current  of  185  kamp. 

By  0600  UTC,  the  MCS  had  developed  a  region  of  radar 
reflectivity  of  140,000  km^  (Fig.  5).  NLDN  data  revealed  a 
large  number  of  large  -+CG  events  within  the  system  (Fig.  6). 
Many  more  sprites  may  have  occurred  than  were  detected  by 
the  YRFS  cameras  due  to  the  patchy  intervening  cloud  cover. 
During  the  660  seconds  spanning  the  three  events  shown 
here,  there  were  a  total  of  282  CGs  (26  flash/min  rate).  Of 
these,  24  CGs  (8.5%)  were  positive  in  polarity.  The  average 
peak  current  for  -CGs  was  27  kamp,  for  +CGs  (without  sprites 
or  elves)  was  37  kamp,  and  for  the  3  +CGs  having  sprites, 
jets  or  elves,  112  kamp.  The  tendency  of  sprite-related  -i-CGs 
to  have  substantially  higher  reported  peak  currents  as  detected 
by  the  NLDN  was  noted  by  Boccippio  et  al.  (1995).  For  the 
night  of  24  July  1995,  preliminary  analysis  shows  that  +CGs 
associated  with  sprites  (64  cases)  averaged  58  kamp,  whereas 
those  associated  with  elves  or  elves  and  sprites  combined 
were  even  stronger,  averaging  104  kamp  for  14  cases  (Earle 
Williams,  personal  communication).  Thus  very  preliminary 
analysis  suggests  that  jets,  sprites  and  elves  all  are  associated 
with  +CG  events,  but  that  those  producing  elves  may  have, 
on  the  average,  the  strongest  peak  currents.  The  “X”  in  Fig.  5 
marks  the  approximate  location  of  the  three  +CGs  apparently 
involved  in  the  events  shown  in  Fig.  3.  As  has  been  noted  in 
previous  analyses,  these  electrical  discharges  are  located 
within  the  large  stratiform  region  rather  than  directly  above 
the  high  reflectivity  core  of  the  MCS.  Stereo  sprite  images 
from  Yucca  Ridge  and  the  USAF  Academy  250  km  to  the  south 
indicated  that  sprites  were  typically  centered  within  ±25  km 
of  their  parent  +CG  event  (Perry  Malcolm,  personal 
communication).  This  allows  reasonable  estimates  of  the 
vertical  and  horizontal  sprite  dimensions  using  single  image 
photogrammetry  using  the  NLDN-provided  range  to  the  sprite 
as  well  as  relating  sprites  to  the  underlying  storm  structure.  It 
is  hypothesized  that  the  sprite  is  in  some  way  induced  by 
extremely  large  and  complex  electrical  discharges  within  the 
MCS  anvil.  Such  horizontal  anvil  discharges  are  known  to 
extend  for  over  100  km.  The  +CG  may  be  part  of  this  complex 
discharge.  On  a  number  of  occasions  sprites  have  been  noted 
“dancing**  in  sync  with  cloud  flashes  propagating  within 
extensive  anvil  canopies.  All  of  the  hard  physical  data 
obtained  during  SPRITES *95  are  being  assembled  in  part  to 
begin  testing  the  various  theoretical  models  of  sprites  and 
elves  of  which  Pasko  et  al.  (1995)  is  an  example. 

Fig.  5  (left  middle)  Radar  reflectivity  chart  (6  DVIP 

levels)  from  the  national  composite  radar  map  at  0600  UTC 
15  July  1995.  “X**  marks  the  general  location  of  the  several 
events  shown  in  Fig.  3 

Fig.  6.  (left  lower)  NLDN  lighting  flash  data  from 

0600-0700  UTC  15  July  showing  only  positive  CG  events, 
with  peak  current  amplitudes  of  greater  than  and  less  than  75 
kamp  indicated. 
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4.  FUTURE  RESEARCH  REQUIREMENTS 

Future  activities  should  in  part  center  of  establishing  the 
relationship  between  the  in-cloud  electrical  processes  and  the 
sprite,  jet  and  elve  phenomena.  This  would  include  the 
coordination  of  ground-based  and  airborne  remote  sensing 
using  a  variety  of  optical  and  RF  sensors,  using  the  fixed  base 
installation  to  guide  aircraft  reconnaissance.  Ideally  such  a 
program  would  include  the  deployment  of  a  system,  such  as 
the  LDAR  developed  at  the  Kennedy  Space  Center,  which  is 
capable  of  three-dimensional  mapping  of  the  entire  electrical 
discharge  within  the  MCS.  Coordination  of  such 
measurements  with  overflights  of  the  Optical  Transient 
Detector  (OTD)  now  being  tested  by  NASA  would  further 
assist  in  obtaining  an  integrated  picture  of  the 
interrelationship  of  sprites  and  the  electrical  discharges 
within  their  parent  cloud.  Finally,  a  combination  of  low 
stratospheric  balloon-borne  field  mills  (and  other  sensors), 
along  with  a  station-keeping  instrumented  UAV  (unmanned 
aerospace  vehicle)  would  complete  the  sensing  suite  for  an 
ideal  experiment. 

5.  ACKNOWLEDGMENTS 

This  work  was  supported  under  an  SBIR  Phase  II  contract 
(NASI 0-1 21 13)  from  the  NASA  Kennedy  Space  Center.  We 
acknowledge  the  contributions  of  many  including  Carl 
Lennon,  Launa  Maier  and  Ron  Bentti  (NASA  KSC),  O.  H. 
Vaughan,  Jr.  (NASA  MSFC),  John  R.  Winckler  (University  of 
Minnesota),  Robert  J.  Nemzek  (Los  Alamos,  NM),  Perry  R. 
Malcolm  (U.S.  Air  Force  Academy),  Earle  Williams,  Charles 
Wong,  Robert  Boldi  and  Dennis  Boccippio  (MIT),  William 
Sturz  (Xybion  Electronics  Corp.),  John  Molitoris  and  Colin 
Price  (Lawrence  Livermore  National  Lab),  Russ  Armstrong, 
Ian  Baker  and  Jeff  Shorter  (Mission  Research  Corp.),  Michael 
Taylor  and  Peter  Mace  (Utah  State  Univ.),  David  Rust  and 
Thomas  Marshall  (NSSL/Urtiv.  of  Mississippi),  Umran  Lnan, 
Bill  Trabucco,  AJex  Slingeland  and  Steve  Reising  (STAR  Lab, 
Stanford  University),  Y,  Fukunishi,  Y.  Takahashi  and  M. 
Kubota  (Tohoku  University),  Richard  Dowden  (University  of 
Otago),  Stephen  Mende  and  Rick  Rairden  (Lockheed),  Les 
Hale  and  Lee  Marshall  (Pennsylvania  State  Univ.),  Frank 
Djuth  (GeoScience,  Inc.),  Roland  Tsunoda  (SRI 
International),  Davis  Sentman  and  Eugene  Wescott 
(University  of  Alaska)  and  especially  Thomas  Nelson  and  Liv 
Lyons  (ASTeR). 

6.  REFERENCES 

Boccippio,  D.J.,  E.R.  Williams,  W.A.  Lyons,  I.  Baker 
and  R.  Boldi,  1995:  Sprites,  Q-bursts  and  positive  ground 
strokes.  Science.  269.  1088-1091. 

Boeck,  W.L.,  O.H.  Vaughan,  Jr.,  R.J.  Blakeslee,  B. 
Vonnegut  and  M.  Brook,  1992:  Lightning  induced 
brightening  of  the  aixglow  layer.  Geophvs,  Res.  Lett,.  19. 
99-102. 

Boeck,  W.L.,  O.H.  Vaughan,  Jr.,  R.L.  Blakeslee,  B. 
Vonnegut,  M.  Brook  and  J.  McKune  1995:  Observations  of 
lightning  in  the  stratosphere.  J,  Geophvs.  Res..  100.  11465- 
1475. 

Franz,  R.C.,  R.  J.  Nemzek  and  J.R.  Winckler,  1990: 
Television  image  of  a  large  upward  electrical  discharge  above 
a  thunderstorm  system.  Science.  249.  48-51. 


Fukunishi,  H.,  Y.  Takahashi,  M.  Kubota,  K.  Sakanoi, 
U.S.  Lnan  and  W.A.  Lyons,  1996:  Elves:  Lightning-induced 
transient  luminous  events  in  the  lower  ionosphere.  Nature  (in 
press). 

lnan.  U.S.,  T.F.  Bell,  V.  Pasko,  D.D.  Sentman,  E.M. 
Wescott,  and  W.A.  Lyons,  1995:  VLF  signatures  of 
ionospheric  disturbances  associated  with  sprites.  Geophvs. 
Res.  Lett.,  (in  press). 

Lyons,  W.A.,  1995:  The  relationship  of  large  luminous 
stratospheric  events  to  the  anvil  structure  and  cloud-to-ground 
discharges  of  their  parent  mesoscale  convective  system. 
Preprints.  Conf.  on  Cloud  Phvsics,  AMS,  Dallas,  541-546. 

Lyons,  W.A.,  I.T.  Baker,  T.E.  Nelson,  J.R.  Winckler, 
R.J.  Nemzek,  P.R.  Malcolm,  E.R.  Williams  and  D. 
Boccippio,  1994:  The  1994  Colorado  SPRITE  Campaign 
(abstract),  EOS,  75.  vol.  44,  p.  108.  Also  a  20  minute  video 
tape,  available  from  ASTeR,  Inc. 

Lyons,  W.A.,  1994:  Characteristics  of  luminous 
structures  in  the  stratosphere  above  thunderstorms  as  imaged 
by  low-light  video.  Geophysical  Research  Letters,  21 ,  875 - 
878. 

Lyons,  W.A.  and  E.R.  Williams,  1994:  Some 
characteristics  of  cloud-to-stratosphere  “lightning”  and 
consideration  for  its  detection.  Preprints.  Symposium  on  the 

Global  ...Electrical  Circuit,  Global _ Change  and _ ihz 

Meteorological  Applications  of  Lightning  Information. 
AMS,  Nashville,  8  pp. 

Lyons,  W.A.,  1994:  Low-light  video  observations  of 
frequent  luminous  structures  in  the  stratosphere  above 
thunderstorms.  Mon.  Wea.  Rev.,  122.  1940-1946. 

Marshall,  T.C.,  W.D.  Rust  and  M.  Stolzenburg,  1995: 
Electrical  structure  and  updraft  speeds  in  thunderstorms  over 
the  southern  Great  Plains.  J.  Geophvs.  Res.,  100,  1001- 
1015. 

Mende,  S.B.,  R.L.  Rairden,  G.R.  Swenson  and  W.A. 
Lyons,  1995:  Sprite  spectra:  N2  first  positive  band 
identification.  Geophvs.  Res.  Lett.  22,  2633-2636. 

Pasko,  V.  P„  U.S.  lnan,  Y.  N.  Taxanenko  and  T.F.  Bell, 
1995:  Heating,  ionization  and  upward  discharges  in  the 
mesosphere  due  to  intense  quasi-electrosiatic  thunderstorm 
fields.  Geophvs.  Res.  Letts.,  22,  365-368. 

Toynbee,  H.  and  T.  Mackenzie,  1886:  title  unknown. 
Nature.  33.  p.  245. 

Sentman,  D.D.,  E.M.  Wescott,  D.  L.  Osborne,  D.  L. 
Hampton  and  M.J.  Heavner,  1995:  Preliminary  results  from 
the  Sprites94  aircraft  campaign  1.  Red  sprites.  Geophvs.  Res. 
Lett..  22.  1205-1208. 

Wescott,  E.M.,  D.  Sentman,  D.  Osborne,  D.  Hampton 
and  M.  Heavner,  1995:  Preliminary  results  from  the  Sprites94 
aircraft  campaign:  2,  Blue  jets.  Geophvs.  Res.  Lett.,  22. 
1209-1212. 

Wilson,  C.T.R.,  1956:  A  theory  of  thundercloud 
electricity,  Proc.  Roval  Soc.  London,  236.  297-317 

Winckler,  J.R.,  W.A.  Lyons,  T.  E.  Nelson  and  R.J. 
Nemzek,  1995:  New  high-resolution  ground  based  studies  of 
sprites.  J.  Geophysical  Res,  (submitted). 


40 


12th  IIPS  for  Meteor.,  Oceanog.  and  Hydrology 
American  Meteorological  Society 
Atlanta,  G A  28  Jan.  -  2  Feb.  1996 


PROCESSING,  INTEGRATING  AND  DISPLAYING  DISPARATE  DATA  SOURCES 

FROM  THE  SPRITES  '95  FIELD  PROGRAM 

Walter  A.  Lyons  and  Thomas  E.  Nelson 

ASTeR,  Inc./FMA,  Inc. 

Ft.  Collins,  CO  80524 


1.  INTRODUCTION 

Rarely  during  a  career  is  one  in  the  position  of  designing 
and  conducting  a  major  field  measurement  program  for  a 
phenomenon  the  existence  of  which  was  suspect,  its 
characteristics  unknown,  and  for  which  no  proper  names 
even  yet  existed.  The  SPRITES’95  field  campaign  was 
indeed  the  culmination  of  such  an  endeavor.  While 
anecdotal  reports  of  unusual  “lightning"  discharging 
upward  into  the  stratosphere  or  beyond  have  been  reported 
for  over  a  century'  (Toynbee  and  Mackenzie  1886)  and  were 
theoretically  postulated  by  Wilson  (1956),  little  import 
was  accorded  such  "cloud-to-space"  lightning  reports. 
Indeed,  if  known  at  all  to  atmospheric  scientists,  it  was 
through  Corliss  (1977)  who  also  included  tales  of  turtles 
encased  in  hailstones  and  half-meter  wide  snowflakes,  not 
to  mention  accounts  of  spontaneous  human  combustion. 
But  the  atmospheric  science  community  was  galvanized  by 
a  chance  1989  observation  from  a  low-light  video  system 
which  documented  a  huge,  transient  (<33  ms)  luminous 
structure  extending  30-40  km  above  a  thunderstorm  top 
(Franz  et  al.  1990).  Subsequently,  similar  features  were 
suspected  after  reviews  of  low-light  video  images  of  distant 
storm  systems  taken  onboard  the  Space  Shuttle  (Vaughan  et 
ah,  1992).  These  new  observations,  combined  with  a 
detailed  literature  search  (Lyons  and  Williams,  1993  and 
1994)  suggested  these  luminous  events,  now  generally 
called  sprites  (Fig.  1).  occur  with  some  regularity  and  were 
not  a  totally  rare  or  “freak"  event.  Concern  that  such  a 
potentially  energetic  event  occurs  within  layers  of  the 
upper  atmosphere  routinely  traversed  by  aerospace 
vehicles,  in  particular  the  Space  Shuttle,  led  to  NASA 
funding  a  multi-year  research  effort.  The  goal  was  to 
document  how  frequently  such  sprites  occurred,  how  they 
might  be  detected,  and  thereafter  what  their  potential 
impacts  might  be.  The  initial  observation  phase  of  the 
study  was  conducted  at  the  Yucca  Ridge  Field  Station, 
located  20  km  northeast  of  Fi.  Collins,  CO.  This  site  has  a 
panoramic  view  of  the  deep  convection  which  develops 
over  the  U.S.  High  Plains,  often  during  the  night  hours 
(Fig.  2).  The  challenge  of  the  project:  how  to  study  a 
phenomenon  only  a  few  fleeting  glimpses  of  which  had 
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ever  been  obtained  and  about  which  virtually  no 
information  exisied  as  to  its  frequency,  phenomenology  or 
physical  characteristics.  The  initial  approach  selected 
(Lyons,  1994  a.b)  deployed  low-light  video  camera 
systems  which,  it  has  proven,  can  detect  sprite  events  to 
distances  approaching  1  000  km.  On  a  single  night  (7  July 
1993)  as  many  as  240  sprites  were  detected  from  the  Yucca 
Ridge  site.  Fai  from  being  rare,  at  least  over  the  U.S.  High 
Plains,  the  sprite  is  a  common  event  above  mesoscale 
convective  systems  (MCS). 

2.  THE  1995  SPRITE  CAMPAIGN 

Given  that  the  sprite  was  a  frequent  summer  occurrence 
above  the  central  U.S.,  how  best  to  characterize  its 
structure  and  its  impacts?  Do  sprites  occur  systematically 
over  any  special  type(s)  of  convective  systems?  Can  they 
be  predicted?  What  are  their  optical  spectra?  Do  they  have 
signatures  in  the  UV  and  infrared?  Were  they  associated 
with  perturbations  in  RF  signals  at  various  frequencies? 


Fig.  1  A  large  sprite  extending  to  92  km  altitude,  400  km 
east  of  the  low-light  camera  site.  The  glow  above  the 
horizon  is  the  parent  CG  lightning  in  the  distant  storm. 
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Fic.  2  t.tcp)  Panoramic  view  of  mesoscale  convective 
systems  as  vi.wed  from  Yucca  Ridge  Field  Station  near  Ft. 
Collins.  CO  and  die  instrumentation  platform  built  at  the 
site  to  cum icaie  the  various  cameras  and  optical  systems. 

Fic.  ?.  (bottom)  Single  video  field  (16.7  ms)  from  Xybion 
lo v.- 1  i Ci it  camera  shoeing  both  a  sprite  (bright  spot)  and 
the  br ichtenmc  of  the  air.. low  laser,  an  ant orphous 
mnr^rvvvr  ’’low  now  tcMal’O  o!v  called  ebes. 


Can  thev  be  detected  by  radar 7  These  are  some  of  the 
questions  that  needed  to  be  addressed  in  order  to  assess  their 
potential  impact  on  the  middle  and  atmosphere.  Tm 
SF  RITES'  ;'5  cam  pa.  :u  was  designed  to  deploy  as  many 
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svstems  as  possible  in  a  coordinated  stud}  of  individual 
sprite  events  as  well  as  their  parent  storms.  Table  1 
summarizes  the  participating  organizations  and  sensors 
der’ioyed  during  a  two  month  period  (June  through  early 
Aucust)  at  Yucca  Ridge.  A  key  objective  was  to  coordinate 
observations  in  space  and  time.  Since  preliminary  studies 
(Wmcklcr  et  al.  1995)  i; ad  shown  the  sprue  time  scales  to 
be  on  the  order  of  10-1 00  ms.  precise  lime  coordination 
was  a  requisite.  This  was  accomplished  by  use  of  GPS  time 
(2  us  nominal  accuracy)  for  all  systems.  When  possible, 
video  cameras  were  further  electronically  synched  so  each 
17  ms  video  field  record  would  be  temporally  coincident. 
Selected  RF  signals  were  continuously  recorded  on  the  four- 
channel  audio  of  the  SVHS  tapes,  and  also  digitally 
sampled  at  40  kHz  and  200  kHz  using  LabView  on  a 
Pentium-based  PC  in  1500  ms  segments  coincident  with 
sprites.  RF  receivers  included  a  1-10  kHz  system  suitable 
for  whistler  detection,  broader  bandwidth  YLF  systems  (T 
50  and  1-100  kHz),  and  narrow  band  receivers  at  selected 
frequencies.  In  addition,  coordinated  measurements  of  ELF 
signals  (3-30  Hz)  were  made  at  the  Rhode  Island  Schumann 
resonance  station  of  the  Massachusetts  Institute  of 
Technology  (Williams  1992).  Initial  results  from  1994 
tests  and  lire  full  1995  field  program,  in  which  large  and 
disparate  data  sets  were  collected  and  integrated,  have 
already  begun  to  yield  significant  results.  In  addition  to 
sorites.  WC  have  confirmed  from  ground-based  sensors  the 
presence  of  brief  (=  1  ms)  brightenmgs  of  the  airglow-  layer 
(tentatively  called  "elves'’)  as  a  distinct  phenomenon  (Fig. 
?V  This  was  made  possible  by  the  use  of  high  speed 
pointing  photometers  wuh  15  piec  resolution.  A  video 
fieid  (Fig  3)  shows  a  sprite  winch  is  surrounded  by  a  broad 
amorphous  glowing  region.  The  high  temporal  resolution 
photometer  traces  revealed  that  tins  single  17  ms  video 


Table  1.  Participants  in  SPRITES'95 


ASTeR,  Inc.,  Fort  Collins,  Colorado, 

Walter  Lyons ,  Project  Director;  Tom  Nelson 

dual  Xybion  1SS-255  low  light  imagers  •  ELF  and  VLF 

measurements  •  photometer  *  meteorological  data 

Tohoku  University.  Sendai,  lapan 

Hiroshi  Fukunishi,  Yukikiro  Takahashi , 

Minoru  Kubota 

multiple  (4)  high  speed  l°xlO°  FOV  photometers 

University  of  Otaeo,  Dunedin,  New  Zealand 

Richard  Dowden  -  OMNI  PAL  VLF  interferometry  (3  sites) 

STAR  Laboratory,  Stanford  University 

Umran  Inan,  Steve  Reising,  Bill  Trabucco,  Alex  Slingeland 
narrowband  VLF  from  mobile  van  *  VLF  narrowband 
and  broadband  (0-30  kHz)  VLF  at  YR  •  VLF 
observations  in  conjugate  region  (Palmer  station) 

GeoSpace  Research,  Inc. 

Frank  Diuth ,  Matt  Cox,  Ken  Williams  -  bi-static 
propagation  (WWV  at  2.5,  5,  10,  15  and  20  mHz  and  28 
mHz  transmissions) 

Utah  State  University,  Space  Dynamics  Lab 

Michael  Taylor ,  Peter  Mace 

all  sky  airglow  camera  •  highly  sensitive  low-light 
viaicon  ana  SIT  cameras  (filtered; 

Lawrence  Livermore  National  Laboratory 

John  Mclitcris,  Colin  Price 

IROCS  -  infrared  optical  camera  system  *  fast  optical 
imager  •  large  format  optical  imager 

Massachusetts  Institute  of  Technology 

Earle  Williams ,  Charles  Wong,  Bob  Boldi 

Schumann  Resonance/ Q-bursts  at 

Rhode  Island  and  YR  sites 

NOAA,  National  Severe  Storms  Laboratory 

David  Rust,  Thomas  Marshall 

lightning  video  and  balloon-borne  electric  field  mill 

Pennsylvania  State  University 

Les  Hale,  Lee  Marshall 

ELF  and  VLF  measurements 

Los  Alamos  National  Laboratory 

Robert  Franz,  Dave  Smith 
measurements  of  TIPPS  and  SIPPS 

Mission  Research  Corporation,  Nashua,  NH, 

Russ  Armstrong ,  Jeff  Shorter 

CCD  cameras  system  and  photometer 

Lockheed  Space  and  Missile 

Steve  Mende,  Rick  Rai7 den 

imaging  spectrometer  and  low-light  video 

SRI  International 

Roland  Tsunoda,  John  Buonocore 
tunable  radar  system  (2-30  mHz) 

NASA  Kennedy  Space  Center  &  MSFC 

Carl  Lennon,  Launa  K\aier,  Otha  Vaughan,  Jr. 

LDAR  •  ELF/Q-burst  measurements  •  OTD  j 
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Fig.  4.  The  peak  current  (kiloamps)  of  each  +-CG  associated 
with  a  sprite  plotted  versus  tune  for  the  night  of  6  August 
1994. 


Fig.  5.  Estimated  altitude  of  the  top  and  base  of  the  sprite 
as  a  function  of  time.  Single  image  photogrammetry 
assumes  that  the  sprite  is  centered  above  its  parent  +CG. 
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Fig.  6.  Combined  workstation  display  showing  radar 
reflectivity,  the  field-of-view  of  the  low-light  camera  and 
the  estimated  location  of  the  sprite  based  upon  its  observed 
azimuth  (video)  and  range  (assumed  the  same  as  the 
associated  -fCG  flash). 
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areas  of  selected  1 994  storms 
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Fig.  7.  Areas  of  storms  that  did  and  did  not  generate  sprites, 
based  upon  areal  reflectivity  from  composite  digital 
national  radar,  suggesting  a  minimum  critical  anvil  size  for 
a  sprite-producing  storm. 


r-c) 

Fig.  8.  The  azimuth  (degrees)  of  the  center  of  each  sprite 
observed  on  a  given  night  plotted  as  a  function  of  time, 
illustrating  the  clustering  of  sprites  in  a  relatively  small 
portion  of  the  anvil. 
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Fig.  9.  Optical  spectra  of  a  sprite  showing  the  N2  first 
positive  bands  (Mende  et  al.,  1995),  an  observation  made 
possible  by  coordinating  low-light  video  imagers  and 
pointing  spectrometers. 


7  ocPlcmOnr 


Fig.  10.  Q-bursts  signature  in  the  ELF  Schumann  resonance 
bands  which  is  coincident  with  the  occurrence  of  a  very  large 
-bCG  flash  measured  by  the  NLDN  (Boccippio  et  al..  1995). 
This  pattern  suggests  Q-bursts  serve  as  a  diagnostic  for 
sprite  events. 


Fig.  11.  Location  of  three  VLF  transmitters,  the  Yucca 
Ridge  Omnipal  receiver  (point  of  arrow')  and  the  sprite 
(small  circle,  300  km  SE),  the  same  event  as  shown  in  Fig. 
3.  (Dowden,  personal  communication). 


Fig.  12.  Changes  in  phase  and  amplitude  of  Navy  VLF 
transmissions  due  to  the  sprite  discussed  in  Figs.  3  and  11. 
(Dow'den,  personal  communication). 
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field  contains  two  distinct  phenomena:  the  1  ms  elve  event 
followed  about  10  ms  later  by  the  onset  of  the  sprite,  which 
then  lasted  for  several  more  video  fields.  Cloud-to-ground 
(CG)  flash  data  from  the  National  Lightning  Detection 
Network  (NLDN)  were  compared  (using  millisecond  timing 
coincidences)  with  the  sprite  events.  It  was  immediately 
discovered  (Lyons.  1995)  that  sprites  were  almost  uniquely 
correlated  with  positive  CG  events,  often  with  amplitudes 
substantially  larger  than  the  average  for  such  events  (Fig. 
4).  Stereo  sprite  images  from  Yucca  Ridge  and  the  USAF 
Academy  250  km  to  the  south  indicated  that  sprites  were 
typically  centered  within  ±25  km  of  their  parent  +CG 
event.  This  allows  reasonable  estimates  of  the  vertical  and 
horizontal  sprite  dimensions  using  single  image 
photogramme  try  using  the  NLDN-provided  range  to  the 
sprite  (Fig.  5).  Combining  the  NLDN  CG  data,  the 
estimated  sprite  locations  and  regional  radar  reflectivity 
composites  at  4  km  resolution  (from  Kavouras,  Inc.) 
revealed  that  the  sprite  occurred  not  over  the  high 
reflectivity  core  but  rather  in  the  large  stratiform 
precipitation  region  associated  with  the  MCS  anvil.  This 
was  accomplished  by  integrating  and  displaying  these  data 
using  an  IBM  RS/6000  workstation  and  NCAR  graphics 
(Fig.  6).  Successive  case  studies  showed  that  not  only  were 
sprites  associated  with  unusually  energetic  +CG  events,  but 
that  the  parent  storm  required  a  precipitation  area  generally 
>20,000  km2  (Fig.  7).  These  two  simple  forecast  rules 
resulted  in  a  virtual  100%  forecast  accuracy  for  sprite 
storms  during  the  1995  campaign.  Detailed  study  of  the 
sprite  location  in  the  video  images  also  revealed  that  the 
sprites  tended  to  concentrate  in  relatively  small  portions  of 
the  MCS  anvil.  The  tight  clustering  of  sprite  azimuths 
viewed  by  the  Yucca  Ridge  cameras  (Fig.  8)  typifies  this 
behavior.  Aside  from  raising  interesting  questions  about 
the  sprite-generating  mechanism  itself,  it  also  suggests 
that  once  sprites  are  detected,  close-up  view’s  can  be 
attained  by  pointing  telescopic  systems  at  distant  storms. 
This  allowed  us  to  acquire  numerous  optical  spectra  (Fig.  9) 
from  storms  as  distant  at  500-600  km  (Mende  et  al.  1995). 
The  ability  to  detect  sprites  and  associate  them  with  their 
parent  CG  lightning  has  resulted  in  a  variety  of  discoveries 
relating  sprites  to  VLF  and  ELF  radio  propagation. 
Boccippio  et  al.  (1995)  found  a  strong  correlation  between 
sprites,  large  -fCGs  and  a  global  ELF  phenomenon  called 
the  Q-burst.  It  has  long  been  assumed  that  the  background 
“hum”  of  natural  radio  at  frequencies  below  100  Hz  was  due 
to  the  integrated  effect  of  all  the  planet’s  lightning 
discharges.  Occasional  large  excursions  (Fig.  10)  called  Q- 
bursts  remained  something  of  a  mystery.  Apparently  the 
intense  RF  emissions  from  sprite-producing  +CGs  are  the 
source  of  this  ringing  of  the  earth- ionospheric  cavity  on  a 
global  scale.  At  higher  frequencies  (20  kHz),  researchers 
from  the  University  of  Otago  (New  Zealand)  have  found  that 
continuous  VLF  transmissions  from  several  U.S.  Navy 
sites  are  distorted  both  in  phase  and  amplitude  as  shown  in 
Figs.  11  and  12  (R.  Dowden,  personal  communication, 
1995).  By  comparing  these  time-tagged  perturbations  with 
the  corresponding  low-light  videos,  it  will  be  possible  to 
verify  whether  this  effect  can  be  used  as  the  basis  of  an 
automated  sprite  detection  system  that  would  work  during 
cloudy  conditions  and  daylight,  when  low-light  video 
systems  are  unsuitable. 


Fig.  13.  A  schematic  of  the  hypothesized  cloud 
morphology  and  electrical  discharge  mechanisms  believed 
to  be  responsible  for  the  sprite  phenomenon  in  the 
stratosphere  and  mesosphere  above  midwestem  mesoscale 
convective  systems. 
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CONCLUSIONS 

The  collection  of  various  optical  and  RF  data  types  using 
common  GPS-time  bases  has  already  yielded  extensive 
results.  The  use  of  a  common  precision  time  base  may  also 
allow  for  coordination  with  other  field  programs  operating 
at  the  same  time,  such  as  mountain-top  measurements 
similar  to  those  described  by  Sentman  et  al.  (1995).  The 
variety  of  coordinated  observations  has  already  permitted  a 
physical  model  of  the  sprite-generating  mechanism  in 
large  MCS  storms  to  emerge  (Lyons,  1995)  (Fig.  13).  The 
sprites  appear  associated  spatially  and  temporally  with 
positive  CG  events,  often  of  much  larger  than  average  peak 
current  amplitude  and  multiplicity.  It  is  hypothesized  that 
the  sprite  is  in  some  way  induced  by  extremely  large  and 
complex  electrical  discharges  within  the  MCS  anvil.  Such 
horizontal  anvil  discharges  are  known  to  extend  for  over 
100  km.  The  +CG  may  be  part  of  this  complex  discharge. 
On  a  number  of  occasions  sprites  have  been  noted 
“dancing"  in  sync  with  cloud  flashes  propagating  within 
extensive  anvil  canopies.  Hard  physical  data  are  being 
assembled  against  which  various  theoretical  models  of 
sprites  can  be  tested  (Pasko  et  al.,  1995).  Future  activities 
may  include  the  coordination  of  ground-based  and  airborne 
sprite  imaging  (Sentman  et  ah,  1995).  Ongoing  analyses 
will  continue  integrating  NLDN  lightning,  digital  radar  and 
GOES  data  for  comprehensive  studies  of  sprite  storms.  The 
morphology  of  sprites  and  elves  are  being  investigated 
using  new  digital,  non-linear  video  editing  systems  which 
allow  motion  studies  while  maintaining  perfect  synch  with 
the  simultaneously  recorded  4 -channel  audio  of  the  various 
VLF  signals. 
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Obtain  optical  spectra. 

Investigate  their  correlation  with  size  and  height  of  thunderstorm  systems. 
Investigate  possible  effects  of  the  equatorial  ionospheric  magnetic  field. 


Peru95  Sprites  Campaign 


T5  & 
£  O 
CO  O 

is- 

o  ^ 


2  CD 
~  CO 
43 

-w  0 

.0,  “o 
0  3 


O  -+-J 

O  CO 
C\J  0 

“7-T  Q- 


^  CO 

o 

0  ■§- 

5h 


co 

"0 

O 

2  | 
o  E 
c  o 
-*  o 
w  9 

CM 

O 

■a  m 

0  C 
0  O 
CL  '4=: 
0  0 

0  ~ 

•  ?  O 


%  "O 

si 

0 

0"  'E 

tr  0 

O  T~TV 

CL 

i>£ 

5  a. 

0  — 

>  0~ 
0  s~ 
-D  ® 

0  0 


"0  0 


0  N 

is 

c  <? 

£  ° 

>  o 

.2  ^4- 

s  0 
_0 

CL  O 
0 


C  C 
*“  0 

^  E 

O  CL 
-*—>  — 

O  3 

0  CT 

LL  0 


C 

o 

'0 

> 

_2  0 


sz  — 
o  CO 

go 

28 


0  LU 

§> 


T  0  CD 
^  -0  0 
_0  O  "D 

m  C° 
m  CO 
m  CD 

C  CO  X 
0  CO  CM 
mQO) 


0  0 
CD  0 

T3  0 

E  2  § 

.2  0  o 

0  0  3 

^  i—  r\ 

0  0  .2 

0  0-  .2 

v-  0  > 

0  0  _0 

E  co  0 

0  ~ 

0  C 0-0 
C  T-  0- 
O  lo  co 

0  _J  0) 

'>  x  2 

i«i 

^  o  S- 
o-^0 


-0  0-0 
0  CD  0 
c  0  L- 

'0^0 
c  —  c 
0  0 


58 


Peru95  Sprites  Campaign  Summary 


=3 

<7)  "0 

0  o 

Q  •+=« 

^  O 

.  (D 

E  0 

0  "D 

CL  c/3 
-  0 

5  ■= 

E  cl 

o  ° 

X  . 
1—  0 
»  (D 
0  73 
=  C 

>  < 

0  »_ 

i  > 

O  o 

m  | 


0  ■+= 
§2 


u_  CD 
0 

00  -Q 

1 —  o 


LO  .  LO 
03  -Q  CD 

JO  ®  JD 
0  Q  0 
LL  0  LL 

O  0  r- 
C\1  73  C\1 


C 

‘0 

0  73 
JO  CD 

C  ^ 
O  CD 
N  0 
0  JO 

E  ° 

<  8 

C  ±2 


LO  . 
03  “0 

03  £ 
0  O 
LL  0 

0 

C\J  73 


LO  o 
03  sL 

03  ^ 
0  0 
LL  0 


0 

o  0 

+->  -t_ . 

LO  0 
03  -0 

"S  C/3 
0  0 
LL  ±2 

CO  Q_ 
CM  0 


LO  T-i 

05  ^ 
JO  > 

£  5 

0 

00  JO 
CM  O 


59 


1  Mar  95  Storms  over  Amazon  basin  in  Peru  and  Brazil.  No  sprites  detected 

2  Mar  95  Storms  over  central  Bolivia.  Three  groups  of  sprites  observed. 
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Goes  8  View 

Aircraft  View  0400  UT,  3  Mar  95 

UT  0439:13(28)  11  micron  I R  Temperature 
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Conclusions  -  Peru95  Campaign 
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No  blue  jets  were  detected. 


The  University  of  Alaska  Gasp95  Sprite  Observation 

Campaign 
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Figure  2.  Raw  digitized  video  images  of  (a)  the  scene 
camera  and  (b)  the  spectrograph.  Note  the  spectrograph 
image  is  rotated,  in  that  the  slit  direction  is  vertical. 
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Relative  intensity  “  ®  Relative  intensity 
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High  resolution  TV  picture,  June  19,  1995  from  Mount  Evans.  Colorado  showing  a  group  of 
a  different  type  of  sprite.  The  sprites  appear  to  be  very  thin  (less  than  1  km  horizontal  cross 
section),  and  generally  seem  to  be  higher  than  the  classic  sprite.  'Fops  are  at  86.4  +1.9  km 
and  the  bottoms  are  at  76.14  +  1.4  km  from  14  triangulated  elements. 
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High  resolution  TV  picture  of  a  large  group  of  sprites  which  show  very  clearly  tnat  me 
tendrils  show  fine  dendridic  structures,  branching  downwards.  This  is  proof  that  the  sprit 
propagate  downwards  from  the  core.  There  is  no  way  that  the  dendridic  structures  would 
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Another  high  resolution  TV  picture  of  a  large  group  of  sprites  which  show  very  clearly  that 
the  tendrils  show  fine  dendridic  structures,  branching  downwards. 
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Twenty-seven  events  were  recorded  from  both  aircraft  during  the  five  minute 
period  03:04: 16.47  to  03:09:29.97  UT.  Many  were  just  barely  visible  above  the  apparent  cloud 
The  locations  of  thirteen  of  the  blue  starters  have  been  triangulated.  Twelve  of  them  arose  from 
one  small  area  near  33.670N,  94.453W  with  a  a  of  radius  about  3.7  km  The  other  triangulated 
blue  starter  occurred  within  1  km  of  Texarkana. 

None  of  the  blue  starters  was  associated  with  a  positive  stroke  as  measured  by  the 
lightning  network.  There  were  no  simultaneous  or  close  in  time  negative  cloud  to  ground 
strokes  associated  with  the  blue  starters  either.  We  have  examined  this  possibility  by  comparing 
the  distance  from  the  blue  starter  to  the  nearest  previous  stroke  in  time. 


Blue  Jets 


•  Color:  primarily  blue. 

•  Narrowly  collimated  (~  15  ±  7.5°)  with  an  apparent  fan  out  near 
the  top  (40  to  50  km). 

•  Apparent  vertical  propagation  speed:  ~  100  km/s. 

•  The  angle  of  propagation  varies  slightly  from  the  vertical,  and 
does  not  correspond  to  the  magnetic  field  direction. 

•  Their  apparent  source  duration  is  ~  200  ms  at  the  base  of  the  jet. 

•  The  overall  brightness  decays  simultaneously  along  the  jet  beginning 
at  about  200  to  300  ms. 

•  The  estimated  brightness  near  the  base  ranges  up  to  near  800  kR 
assuming  emissions  from  the  first  negative  bands  of  N2+  and  from  the 
second  positive  bands  of  N2. 

•  They  are  often  observed  to  follow  blue  starters. 

•  There  is  a  faint  hemispherical  "shock"  observed  beyond  the  terminus 
of  some  jets  travelling  at  the  same  speed  as  the  earlier  rising  portion 
of  the  jet.  If  it  were  a  sonic  shock  it  would  be  at  Mach  300. 

•  The  average  occurrence  rate  was  ~  2.8/min  in  the  July  1,  1994 
storm  during  the  first  22  minutes  of  observation. 

•  The  estimated  energy  deposited  is  about  30  MJ. 

•  They  are  not  associated  with  positive  cloud  to  ground  strokes, 
they  occur  with  negative  cloud  to  ground  strokes. 

•  During  the  Arkansas  storm  hail  2.75  inches  in  diameter  was 
observed  in  the  area  of  the  blue  starters  and  jets  during  the  22 
minutes. 
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Blue  Jets 

Outstanding  questions 

•  What  are  the  actual  spectral  emissions,  optical,  IR  and  UV? 

•  Is  there  any  detailed  structure  to  the  jets  not  evident  in  the  wide 
angle  images  available? 

•  What  is  the  production  mechanism? 

Cloud  to  cloud,  cloud  to  ground,  d.c.  field  effect? 

Particle  (electron,  ion)  beam? 

Ion  fountain? 

Optical  bleaching? 

•  What  is  the  nature  and  energetics  of  the  "shock  wave"? 

•  Are  there  associated  ULF/ELF/VLF  emissions? 

•  Are  blue  jets  associated  with  gamma  rays  and  TIPPS  detected  from 
satellites? 

•  Secondary  effects: 

Stratospheric  chemistry? 

Danger  to  aircraft? 

•  Are  Blue  jets  related  to  the  VHS  radar  echoes  reported  by  Rumi 
[1957]? 

•  What  are  the  meteorological  conditions  for  creating  blue  jets,  and 
what  is  the  occurrence  rate  of  blue  jets  compared  to  red  sprites? 
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VHF  radar  echoes  from  blue  jets. 

Rumi  [1956,1957]  described  VHF  echoes  whose  characteristics  are  similar  to  the  optical 
observations  of  bl”e  jets.  He  was  operating  a  27.85  MHz  radar  pointed  north  from  Cornell,  in 
a  study  of  auroras,  meteors  and  lightning  funded  by  the  U.  S.  Signal  Corps.  His  observations 
were  limited  to  the  Fall  of  1955.  Detailed  analysis  of  amplitude  vs  time  displays  led  him  to 
dissociate  many  of  the  echoes  from  meteors  or  auroras.  He  attributed  these  echoes  to  "upward 
discharges"  although  no  correlation  with  thunderstorms  or  lightning  strokes  was  made.  Rumi, 
[1956]  was  also  operating  a  106.6  Mhz  radar  which  was  used  to  deal  with  lightning  strokes. 
He  could  clearly  distinguish  lightning  strokes  separately.  i?«/m[private  communication,  1995] 
wrote  that  there  was  considerable  lightning  activity  north  of  Ithaca  during  the  Fall  of  1955. 
Rumi  [1957]  listed  the  characteristics  of  the  27.85  MHz  echoes  as: 

1.  They  are  discrete  and  generally  last  less  than  500  ms. 

2.  They  show  no  preferred  range,  the  maximum  in  the  absence  of  aurora  was  around  900 
km. 

3.  They  sometime  rise  from  noise  level  to  maximum  in  two  repetition  periods  of  the 
radar,  or  40  ms.  Calculations  of  the  velocity  to  produce  the  first  Fresnell  zone  of  a 
column  of  ionization  gives  values  in  some  cases  greater  than  100  km/s.  (Meteors  with 
their  origin  within  the  solar  system  have  a  maximum  velocity  of  72  km/s.) 

4.  They  usually  decay  very  rapidly  in  100  ms.  The  decay  is  not  exponential  (as 
expected  from  meteors). 

5.  They  sometimes  show  a  tendency  to  repeat  themselves  at  the  same  range. 

6.  They  generally  occurred  for  two  hours  around  midnight,  but  did  not  occur  every 
night.  During  the  months  of  September,  October,  and  November,  1955,  they  occurred 
on  more  than  half  the  nights.  Very  few  were  observed  during  December.  As  many  as 
400  echoes  in  one  hour  were  seen. 

7.  The  columns  of  ionization  do  not  present  a  preferred  direction  (indeed  they  do  not 
show  a  preferred  range)  and  disappear  at  a  height  of  about  50  km. 

8.  The  peak  of  activity  was  in  October,  but  there  was  no  correlation  with  any  meteor 
showers. 

9.  The  appearance  of  the  echoes  was  not  a  regular  one;  nights  of  complete  absence  were 
randomly  alternated  with  very  active  nights. 
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University  of  Alaska  campaign  results  reported  to  date  include: 
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Spectral  and  spatial  properties  of  SPRITE-s 
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Spectral  and  spatial  properties  of  SPRITE-s 
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Spectral  and  spatial  properties  of  SPRITE-s 
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Wavelength  (Angstroms) 


Spectral  and  spatial  properties  of  SPRITE-s 
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Spectral  and  spatial  properties  of  SPRITE-s 
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Sprite  Spectra;  N2  1  PG  band  identification 


S.  B.  Mendc,  R.  L.  Rairdcn,  and  G.  R.  Swenson 

Lockheed  Martin  Palo  Alto  Research  Laboratory,  Palo  Alto,  California 

W.  A.  Lyons 

ASTcR,  Inc.,  Fort  Collins,  Colorado 

Abstract.  Imagery  and  spectra  of  high  altitude  luminous 
flashes,  otherwise  known  as  sprites,  occurring  in  the 
stratosphcre/mesosphcrc  above  electrically  active 
cumulonimbus  clouds  were  acquired  on  July  16,  1995  from  an 
observation  site  near  Ft.  Collins,  Colorado.  The  spectra, 
resolved  from  -4500-8000  A  included  four  spectral  features  in 
the  6000-7600  A  region  which  have  been  identified  as  N2  1  PG 
system  with  Av=2,3,  and  4  from  the  v=2,4,5,6  vibrational 
levels  of  the  B37tg  state.  The  spectra  were  lacking  in  other 
features  such  as  the  N2+  Mcinel  or  the  N2+  1st  neg  system 
indicating  that  the  electron  energy  causing  the  excitation  is 
quite  low. 


Introduction 

Direct  evidence  for  coupling  from  lightning  events  to  the 
upper  atmosphere  is  found  in  the  optical  observation  and 
recording  of  cloud-ionosphere  (Cl)  discharges  or  sprites  from 
thunderstorm  regions  (Fran/,  et  ah,  1990;  Wincklcr  el  ah, 
1993;  Sentman  and  Wescoti.  1993;  Lyons,  1994;  Sentman  et 
ah,  1995].  The  images  of  these  Cl  discharges  were  obtained  by 
ground  and  aircraft-based,  low  light  level  television  systems. 
Morphologically  there  arc  probably  several  distinct  types  of 
upward  luminous  phenomena  associated  with  thunderstorms, 
the  most  common  of  which  arc  the  so-called  red  sprites 
[Sentman  ct  ah,  1995]  which  have  been  observed  by  red 
sensitive  low  light  level  television  cameras  from  the  ground 
and  from  airqraft.  A  second  class  of  phenomena,  “blue  jets”, 
which  do  not  propagate  beyond  the  stratosphere  [Wcscott  et 
al.,  1995]  have  also  been  identified.  There  are  however  no 
published  spectral  measurement  of  these  type  of  events. 
Spectral  measurements  are  exceedingly  important  because  they 
can  provide  a  remote  sensing  characterization  of  the  physical 
and  chemical  processes  resulting  in  the  emission.  In  this 
paper  we  are  reporting  one  of  the  first  sets  of  spectral 
observations  of  upward  discharge  phenomena. 

Observations 

The  instrument  used  in  our  observation  is  illustrated 
schematically  in  Figure  1  from  a  top  view.  It  consisted  of  two 
channel  bore  sighted  intensified  CCD  video  camera  system. 
The  optics  of  the  spectrometer  channel  is  a  copy  of  the 
transmission  grating  spectrometers  used  in  the  shuttle  borne 
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aurora  and  airglow  investigations  c.g.  Mcnde  et  al.,  (1993). 
The  spectrograph  consisted  of  an  objective  lens  Ll  (f=85  mm 
F/1.4)  which  projected  ihc  image  of  the  scene  on  a  plate  which 
had  a  25  mm  long  vertically  oriented  open  slit.  The  slit  was 
widened  for  the  sprite  observations  and  the  slit  width  was 
approximately  0.3  mm  producing  an  equivalent  spectral 
resolution  of  about  9  nm.  The  light  from  the  lens  was 
collimated  by  L2,  a  50  mm  F/l.2  lens  and  diffracted  by  a 
transmission  grating  mounted  on  the  back  side  of  the  prism. 
The  prism  grating  combination  (Grism)  split  the  light  into 
divergent  beams  into  a  horizontal  fan  according  to 
wavelength.  In  Figure  l  three  different  monochromatic 
wavelength  regions  arc  illustrated  as  being  focused  at  different 
part  of  the  detector  as  X2  and  X3.  An  imaging  lens  L3 
(50  mm  F/1.2).  focused  parallel  light  rays  on  the  intensifier 
photo  cathode,  therefore  a  given  wavelength  of  light, 
appeared  along  a  vertical  line  on  the  image  intensifier  photo 
cathode.  The  prism  was  used  mainly  to  steer  the  light  beam 
back  to  the  center  so  that  the  center  wavelength  of  the  first 
order  spectra  appeared  in  the  center  of  the  image.  Note,  that 
the  system  is  an  imaging  spectrometer  and  the  distribution  of 
luminosity  of  the  image  in  the  direction  parallel  to  the  vertical 
slit  is  preserved  providing  true  vertical  intensity  profiles  of 
the  observed  phenomena.  The  second  optical  channel  the 
imaging  camera  was  a  simple  low  light  level  intensified  CCD 
camera  with  a  50  mm  F/1.4  photographic  lens  producing  an 
approximately  20x15  degree  field  of  view  image  on  a  25  mm 
image  intensifier.  Both  cameras  had  second  generation  image 
inicnsificrs  with  extended  red  S-20  photo  cathodes.  The  image 
intensifiers  were  fiber  optically  coupled  to  the  CCD-s.  Both 
video  cameras  were  scanned  at  standard  video  rates  at  30  frames 
per  second.  The  video  signals  were  recorded  on  VHS  video 
tape  with  suitable  time  codes  marked  on  each  video  frame.  The 
spectral  responses  of  bodi  channels  were  determined  through 
calibration  using  light  sources  of  known  spectral  profile.  The 
imager  sensitivity  peaked  at  490  nm  dropping  off  uniformly 
and  quite  rapidly  towards  the  bluc/UV  region  to  reach  25% 
sensitivity  aL  about  400  nm.  Towards  the  red  it  dropped  off 
more  gradually  reaching  the  25%  sensitivity  point  at  around 
800  nm.  The  spectrometer  had  a  similar  S-20  detector  but  the 
grating  blaze  favored  the  red  region  putting  the  overall 
sensitivity  peak  at  around  630  nm.  The  response  dropped  off 
quite  symmetrically  in  cither  direction  reaching  25%  of  peak 
sensitivity  at  450  and  760  nm. 

Both  instruments  were  mounted  on  an  azimuth  and  elevation 
mount.  The  bore  sighting  of  the  camera  and  spectrograph  were 
pre  calibrated  using  star  images.  This  allowed  the  precise 
determination  of  the  spatial  position  of  the  spectrograph  slit 
in  the  imaging  camera  field  of  view  and  accurate  real  time 
pointing  of  the  spectrometer  through  the  imaging  camera. 
This  technique  also  permitted  the  recording  of  the  two 
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Figure  1.  Instrument  block  diagram  of  the  borcsightcd  imager 
and  spectrograph  for  Sprite  Observations. 


dimensional  image  of  the  sprite  simultaneously  with  the  sprite 
spectra. 

The  system  was  operated  at  the  Yucca  Ridge  Field  Station, 
operated  by  ASTcR,  Inc.  20  km  northeast  of  Ft.  Collins, 
Colorado.  This  site  provides  for  nearly  unobstructed  viewing 
of  sprites  and  related  phenomena  to  distances  as  great  as  1000 
km  over  the  U.  S.  High  Plains  (approximately  from  northwest 
clockwise  through  directly  south).  Several  sprite  events  were 
detected.  On  July  16,  1995  conditions  were  favorable  for  the 
observation  of  sprites  although  the  storms  were  at  some 
distance  from  Yucca  Ridge.  A  sprite  occurred  at  05:16:48.534 
UT  and  a  sequence  of  video  frames  depicting  Lhc  sprite  is 
shown  on  Figure  2.  To  minimize  unwanted  backgrounds  and 
nonuniformities  a  common  background  frame  taken  prior  to 
each  sprite  set  was  subtracted  from  each  image  presented  here. 
The  onset  of  the  sprite  luminosity  was  coincident  with  the 
start  of  the  underlying  cloud  illumination  and  continued  for  3 
video  frames  (33  msec  each).  The  first  two  frames  were  the 
brightest  with  rapid  decay  in  the  third  frame.  The  data  shows 
an  apparent  motion  of  the  luminosity  in  the  westerly  direction 
(towards  the  left).  The  far  left  feature  for  example  on  the  third 
frame  is  actually  brighter  on  the  third  frame  than  on  the  first 
two. 

The  storm  under  surveillance  was  located  near  Rapid  City, 
SD.  on  an  azimuth  of  roughly  25  degrees,  and  spanned  a  range 
from  about  400  to  450  km.  The  radar  derived  precipitation  area 
associated  with  the  cell  was  approximately  25,000  km2. 
Given  the  storm's  size,  and  the  presence  of  positive  cloud  to 
ground  (CG)  lightning  flashes,  it  met  the  criteria  found  by 
Lyons  [1995]  for  mesoscalc  convective  systems  over  the  US 
High  Plains  to  begin  generating  sprites. 

The  sprite  morphology  was  typical  of  the  many  observed 
during  the  campaign.  It  exhibited  a  curtain  of  smaller  vertical 
striations  (8-10)  with  the  brightest  portion  near  the  top  of  the 
structure  with  less  intense  tendrils  extending  downward.  From 
the  star  field  present  in  the  raw  images  the  angular  extent  of 
the  sprite  could  be  measured  accurately.  The  horizontal  extent 
was  6.5  degrees,  and  at  the  estimated  range  of  450  km  (based 
on  the  location  of  the  parent  positive  CG)  this  implies  a 
horizontal  dimension  of  51  km.  The  upper  portion  of  the 
sprite  extended  to  about  9.2  degree  elevation,  and  locating  the 
sprite  within  25  km  of  the  parent  positive  CG  implies  the 
highest  extent  to  be  90  km.  The  bottom  end  of  the  same  sprite 
was  at  74  km.  No  indication  of  vertical  propagation  could  be 
obtained  from  our  low-light  level  video  system  operating  at 
16.7  ms  field  rate.  o , 


The  spectral  slit  was  vertical  and  located  very  close  to  the 
brightest  event  near  the  center  of  the  image.  On  Figure  3  we 
present  the  spectrum  which  was  observed  simultaneously  with 
the  imager  of  Figure  2.  Figure  3  is  a  spectrum  in  which  the  left 
edge  of  the  image  represents  the  850  nm  infrared  region  and 
the  right  edge  corresponds  to  the  blue  cut  off  of  the  instrument 
at  approximately  at  430  nm.  In  the  entire  spectral  range  there 
were  only  four  features.  It  is  important  to  note  that  outside  of 
these  features  there  were  no  other  discernible  enhancements  in 
the  entire  spectral  range  covered  by  the  instrument.  The 
region,  which  contained  some  discernible  signal,  was 
digitized.  In  Figure  3  a  white  frame  marks  this  region.  A 
spectral  plot  (Figure  4)  was  produced  by  summing  vertically 
across  the  luminous  features  of  Figure  3  and  plotting  the 
results  along  a  horizontal  (wavelength)  axis.  To  facilitate 
wavelength  calibration  we  have  superimposed  the  spectra  of  a 
neon  calibration  light  source  taken  while  the  instrument  was 
still  in  position  at  the  field  site.  Using  the  features  of  the 
neon  gas  a  wavelength  scale  was  determined  and  added  to  the 
figure.  The  wavelength  scale  permits  the  recognition  of  the 
major  features  of  the  sprite  spectra. 


Figure  2.  Three  consecutive  TV  frames  of  the  sprite  observed 
with  the  imaging  camera  on  the  16th  of  July  at 
05:16:48.534  UT. 
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Figure  3.  Spectral  image  or  spectrogram  of  the  Sprite  event 
occurring  at  05:16  UT.  The  image  covers  the  wavelength 
range  from  850  nm  (left)  to  430  nm  (right).  White  frame 
shows  area  of  detectable  signal  selected  for  display  on 
Figure  4. 

Discussion 

The  processes  leading  to  emissions  in  the  atmosphere  by 
energetic  electrons  accelerated  by  electric  fields  in 
thunderstorms  should  be  greatly  similar  to  auroral  light 
production.  Auroras  however  do  not  generally  penetrate  to  90 
km  and  light  in  sprites  is  generally  produced  at  this  altitude  or 
lower.  Although  the  atmospheric  composition  is  not 
drastically  different  at  these  lower  altitudes  increased  collision 
frequencies  will  quench  long  lifetime  auroral  emissions.  Thus 
we  expect  to  see  only  the  fast,  permitted  transitions.  The 
theory  of  optical  excitation  of  the  atmosphere  above 
thunderstorms  and  the  generation  of  sprites  by  quasi 
electrostatic  fields  has  been  discussed  by  Taranenko  cl  al., 
[1993]  and  by  Pasko  et  ah,  [1995]  respectively.  Taranenko  el 
al.  [1993]  have  predicted  that  the  N2  IPG  system  is  the 
brightest  emission  feature  to  occur  in  lightning  stimulated 
upper  atmospheric  emissions. 

The  N2  IPG  system  was  been  positively  identified  in  our 
sprite  spectrum  and  is  shown  in  Figure  4.  Between  760  and 
770  the  (3,1)  component  of  N2  1  PC  is  strongly  attenuated  due 
to  absorption  by  02  at  762  nm  at  slant  path.  It  should  be 
noted  that  the  instrumental  spectral  response  was  not  applied 
to  the  data  presented  in  Figure  4.  The  N2  IPG  system  is  a  well 
investigated  emission  associated  with  electron  bombardment 
of  the  atmosphere  by  auroral  electrons  is  largely  the  result  of 
secondary  electron  impact  on  atmospheric  N2  as  described  by 
Vallance  Jones  [1974]  and  Strickland  [1976],  Chutjian  et  ah 
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Figure  4.  Spectral  scan  of  the  image  shown  in  Figure  3.  The 
thick  trace  represents  the  spectra  of  the  sprite  while  the  thin 
trace  shows  the  spectra  of  a  calibration  neon  light.  gy 
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Figure  5.  Auroral  spectrum  taken  from  the  space  shuttle.  The 
spectrum  was  taken  with  a  similar  transmission  grating  image 
intensified  instrument  system. 


shown  the  peak  of  excitation  to  be  near  10  eV  with  a  last  drop 
off  to  higher  energy  with  the  cross  section  decreasing  by  a 
factor  of  15  at  100  eV.  In  die  aurora,  it  is  the  large  population 
of  secondary  electrons  produced  by  primary  (keV)  electrons 
which  produces  the  N2  1  PG  emission.  It  is  well  established 
that  the  lifetime  is  6-8  ps  [Nicholls.  1969],  and  that  with 
known  quenching  rates,  the  emission  is  not  visible  below  -50 
km  as  a  result  of  the  collisional  frequency  with  known 
quenching  species  [Vallance  Jones,  1974]. 

In  the  ease  of  the  sprite  spectra,  the  N2  IPG  system  was  the 
only  emission  detected.  In  the  spectral  range  of  the 
instrument  (430  -  850  nm)  no  other  features  were  detected 
above  instrument  noise  background.  If  electrons  with 
energies  higher  than  20  eV  had  been  produced  by  the  sprite, 
then  N2*  emissions  would  have  been  present.  For  example  in 
aurora  where  higher  energy  electrons  arc  available  several  N2  + 
emissions  features  are  significant.  Some  of  these  emissions 
have  very  short  lifetimes  and  would  not  be  quenched 
significantly  at  sprite  altitudes  down  to  50-60  km.  In  auroral 
spectra  at  about  690  nm  there  is  a  strong  contribution  of  the 
NV  (3,0)  Mcincl  band  (Sec  for  example  spectra  presented  by 
Vallance  Jones  (1974  page  83 1).  This  feature  is  missing  from 
the  spectra  presented  in  Figure  4.  The  absence  of  this  feature 
indicates  that  the  electrons  in  the  sprite  had  insufficient 
energy  to  efficiently  ioni/.e  the  nitrogen.  Several  other 
features  were  also  missing  from  the  sprite  spectra  which  are 
characteristic  of  normal  auroral  spectra.  The  same  type  of 
instrument  was  flown  on  the  space  shuitle  and  several  auroral 
spectra  had  been  taken  for  example  on  mission  STS-45.  We 
have  included  one  of  these  spectra  for  comparison  as  Figure  5. 
These  spectra  give  us  direct  one  to  one  comparison  between 
the  Sprite  spectra  and  the  auroral  spectra  as  observed  by  the 
same  instrument  type.  If  the  sprite  had  contained  hard 
electrons  of  several  keV  then  we  would  expect  some  of  the 
auroral  fast  transitions  to  take  place.  The  shuttle  based 
instrument  detected  strong  427.8  and  470.9  N2+  emissions. 
Although  427.8  nm  emissions  was  just  outside  of  the 
wavelength  range  of  the  ground  based  instrument  one  would 
have  expected  to  see  N2+  first  negative  at  470.9  nm  which, 
when  observed  in  aurora  is  stronger  than  the  N2  IPG  bands  in 
the  650  and  680  nm  range.  In  Figure  5,  apart  form  the  well 
known  auroral  features  such  as  427.8,  557.7,  630  and  636.4 
and  the  762  airglow  band,  we  can  distinguish  four  peaks 
between  650  and  700  nm.  The  three  on  the  left  arc  the  N2  1  PG 
(4,1). (5, 2)  and  (6,3)  components.  The  fourth  peak  is  a 
combination  of  the  N2  IPG  (3.0)  and  the  N2+  Meinel  (3,0) 
where  most  of  the  intensity  is  produced  by  the  ionized  Mcincl 
contribution  in  aurora  suggesting  the  absence  of  such 
emission  in  the  sprite.  Note  that  the  02  atmospheric  (0.0) 
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band  at  762  nm  is  a  strong  emission  band  in  the  topside 
auroral  spectra  whereas  it  is  a  dark  absorption  feature  in  the 
ground  based  sprite  spectra.  The  relatively  poor  signal  to 
noise  ratio  of  our  measured  spectra  coupled  with  the  decreasing 
sensitivity  of  the  instrument  and  the  larger  scattering  of  the 
slant  range  atmosphere  in  the  blue  spectral  region  probably 
accounts  for  the  absence  of  the  N2  2nd  positive  bands  in  our 
spectra.  Our  observations  therefore  could  be  consistent  with 
the  intensity  ratio  of  7  between  the  two  bands  as  predicted  by 
Taranenko  et  al.  [1993]  There  remain  a  number  of 
controversial  issues  regarding  the  details  of  N2  IPG  excitation 
in  sprites.  Just  as  in  auroras  these  emissions  can  be  produced 
from  possible  interactions  with  other  N2  states  or  N(4S)  [see 
Partridge  el  al.  1988  and  Vallance  Jones,  1974).  These  issues 
may  be  enlightened  regarding  the  excitation  in  sprites  through 
spectral  observations  in  the  UV  and  IR,  but  the  likeliest 
conclusion  is  that  the  electrons  in  the  sprite  discharge  have 
energies  <100  cV. 

Conclusions 

During  these  experiments  several  sprite  images  were 
recorded  with  the  wide  field  imaging  camera.  These  sprites 
were  quite  similar  in  appearance  to  the  one  described  above. 
Most  of  the  observed  sprites  exhibited  multiple  columns  or 
channels  similar  to  the  image  presented  in  Figure  2.  It  should 
be  also  noted  that  there  appeared  to  be  a  spatial  drift  of  the 
Sprite  phenomena.  Most  sprites  observed  by  our  instrument 
showed  that  after  the  first  bright  frame  the  images  in  the 
weaker  frames  were  seen  to  be  substantially  displaced 
spatially.  Assuming  that  the  range  was  450  km  the  event 
shown  on  Figure  2  appears  to  be  displace  by  a  distance  of 
about  50  km  in  1  or  2  TV  frames.  Thus  the  speed  of 
propagation  of  this  phenomena  was  of  the  order  of  about  1500 
km/scc  in  the  plane  normal  to  the  viewing  direction. 

A  bore  sighted  imaging  camera  and  imaging  spectrograph 
observed  sprite  events  and  recorded  their  spectra.  The  spectra 
contains  N2  first  positive  bands  without  any  discernible 
contribution  from  other  emissions.  The  observed  spectrum  is 
consistent  with  predictions  of  Taranenko  et  al.  [1993] 
regarding  the  relative  intensity  of  optical  emissions  created  in 
this  altitude  regime.  The  absence  of  other  emissions  in  the 
sensitivity  range  of  the  instrument  and  the  spectral  profile  of 
the  N2  first  positive  emissions  suggest  that  the  efficiency  of 
hard  electron  production  in  the  observed  Sprite  was  low.  This 
observation  therefore  docs  not  support  the  attempt  of  Chang 
and  Price  [1995)  in  explaining  the  observations  of  energetic 
electrons  above  thunderstorms  [Fishman  et  al.,  1994).  Our 
spectral  observations  confirm  the  previous  reports  that  the 
sprites  appear  red  in  color. 
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Mission  Research  Corporation 


SOURCES  OF  OPTICAL  EMISSION  IN  ELECTRIC  FIELD  INDUCED  CS  E  VENTS 
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Ref.  Jursa,  AFGL  Handbook  of  Geophysics  and  Space  Environments,  1985,  pl2-22 
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Table  1. 

Characteristic  Emission  Features  for  Energized  Atmosphere 
(Molecular  Band  Characteristic  Wavelength  Refers  to  (v’,v”=0,0)  band  origin) 


Species  System 

Characteristic 

Transition 

Characteristic 

Wavelength 

Radiative 
Lifetime  (s) 

0(‘D)  Red  Line 

*D^3P 

6300A 

148 

O('S)  Green  Line 

‘s-^d 

5 577 A 

0.8 

02(1Z)  Atmospheric 

b1!  ->  X3Z 

7619A 

02(xA)  IR  Atmospheric 

a1  A  ->  X3Z 

1.269pm 

02CZ)  Herzberg 

a3z  X3Z 

2856A 

02(3Z)  Schumann-Runge 

B3Z-^X3Z 

2030 A 

4.2xl0’8 

N2+(2Z)lst  Negative 

b2z  ->  X2Z 

3914A,  4278A(0, 1) 

7.  lxlO'8 

N2+  (2n)  Meinel 

A2n  ->  x2z 

7200A 

1.7xl0*s 

N2(JZ)  Vegard  Kaplan 

a3z  -»  X*Z 

2600A 

1.9 

N2(3n)  First  Positive 

B3n  -»  a3z 

6700A 

8.9x10^ 

N2(Jn)  Second  Positive 

c3n  ->  B3n 

4000A 

3.7xl0'8 

N2(a1Il)  L-B-H 

a'n  ->  xlz 

2000A 

1.5X10-4 

NO(A2Z)  y-bands 

a2z  ->  x2n 

2275A 

2. 0x1 0‘7 
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CHARACTERISTICS  OF  SPRITES 
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CHARACTERISTICS  OFSPRITES 

4278A  PHOTOMETER  RESULTS  FOR  SPRITES 


BACKGROUND  LIGHTNING  DOES  NOT  YIELD  SIGNAL 


CHARA CT ERISTICS  QFSPRITES 
4278A  PHOTOMETER  RESULTS  FOR  SPRITES 


TYPICAL  SIGNATURE  FROM  SPRITE  WITHOUT  WELL-DEVELOPED  TENDRIL  STRUCTURE 
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CHARACTERISTICS  of  sprites 

4278A  PHOTOMETER  RESULTS  FOR  SPRITES 
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TIME  (MILLISECONDS)  TIME  (MILLISECONDS) 

TYPICAL  SIGNAL  FROM  SPRITE  WITH  WELL-DEVELOPED  TENDRIL  STRUCTURE  AND  ELF 
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(1)  IGNORES  ENERGY  INPUT 

(2)  E-  SPECTRUM  NOT  LIKELY  MAXWELLIAN 

(3)  E-  “BITE-OUT” 


1 


PHOTOMETER  POINTING  SLIGHTLY  TO  NORTH  -  PICKED  UP  “EDGE”  OF  SPRITE 
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SPECTRAL  IDENTIFICATION  REQUIRED 


INFRARED  CAMERA  AVAILABLE  FOR  OBSERVING 


OBSERVATION  OBJECTIVES 
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OH  (9,7)  (8,6)  (7,5)  (6,4)  (5,3)  (4,2)  (3,1)  (2,0)  (9,6)  (8,5)  (7,4) 

Spectrum  of  night  airglow  observed  from  an  altitude  of  about  80,000  feet. 


InGaAs  Focal  Plane  Array  Camera  (IFPAC) 


Wavelength  (pm) 

Fig.  3.41  Nightglow  spectrum.  It  is  obtained  with 
a  scanning  spectrometer  (projecting  slit  width  of 
200  A).  The  origins  and  expected  intensities  of  OH 
bands  are  shown  by  vertical  lines;  the  horizontal 
strokes  indicate  the  reduction  due  to  water  vapor.80 
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Intensified  modules  for  Low  Light  Operation 


PHILLS  ground  based  deployment  at  Skyline  Drive,  Virginia.  The  photograph  depicts  the  16  bit  digital 
UV-NIR  module.  The  sensor  assembly  includes  the  hyperspectral  imager,  the  3 -CCD  color  viewfinder 
camera,  the  GPS  antenna  and  the  computerized  scanning  mount  (360  degree  rotation  in  50  prad  steps). 


Portable  Hyperspectral  Imager  for  Low  Light  Spectroscopy 

(PHILLS) 
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Near  Infared  (NIR)  3-CCD  Color  Visible  Wavelength 

Spectrometer  (500nm  Viewfinder  Spectrometer  (330nm 

to  950nm,  420  bands)  Camera  to  670nm,  610  bands) 


Figure  3.  Basic  components  of  a  Hyperspec t ral  Imaging  System 


PHILLS 

Portable  Hyperspectral  Imager  for  Low  Light  Spectroscopy 


Instrument  Capabilities 

Modular  Multisensor  Imaging  Instrument 
Highly  Intensified  CCD  Detectors(<10  R*sec  mm 
Illumination  for  S/N=l,  10'8  fc  sensitivity) 
Auto  or  Manual  Gain,  Gate  and  Iris  (>10^  ^  total 
dynamic  range) 

5.5-700  mm  Focal  Length  Input  Optics 
Remote  Iris,  Focus  and  Zoom  Lens  control 
High  Throughput  (f2.8  spectrograph) 

300-1050  nm  Coverage  in  >1 100  Spectral  Bands 
>0.3  nm  Resolution  with  intensification 
275  Spatial  bands  for  UV/VIS,  488  for  VIS/NIR 
15  min  max  operation  with  real  time  (30  fps)  full 
frame  digital  acquisition 
2  hrs  continuous  acquisition  with  Hi8  tape 
8-bit  gray  scale  arbitrarily  extensible  with  built-in 
frame  accumulation  operation 
RS-170  Output,  30  fps  for  Hi8  or  SVHS  tape 
Real  Time  Digital  Frame  Capture  with  up  to  3 
cameras 

SMPTE,  RC  or  GPS  Time  and  position  tagging 

Instrument  Components 

Standard  TV  (C-mount)  or  35  mm  Input  Optics 
Flat  Field  Holographic  Grating  Spectrographs 
with  Interchangeable  Gratings 
Extended  Red  GEN  HI  ICCD  Camera(VIS/NIR 
module) 

GEN  II  ICCD  Camera  (UV/VIS) 

Integrated  Computer  Controlled  Programmable 
Scanning  Mount  (6  arc*sec  resolution) 
PentiumPC  based  Real  Time  Image  Acquisition 
and  Processing 

Real  Time  Frame  Grabber  for  Digital  Capture 
Hi  8  Tape  Recorders 

Color  or  Monochrome  Viewfinder  Video  Camera 

Spectrograph  Specifications 

Concave  Holographic  Flat  Field  Spectrograph 
(200  mm  fl,  25x8  mm  image)  with 
Interchangeable  Gratings 
Interchangeable  Slits  (25-1000  pm  wide  x  8  mm 
high) 

24-70  nm/mm  Dispersion 

ICCD  Camera  Specifications 

Gated  ICCD  Camera  (>100  ns  gate) 

25  mm  GEN  III  Intensifier 
18  mm  GEN  II  Intensifier 
16-bit  Digital  Slow  Scan  CCD  Camera 
600  TV  Line  Resolution,  RS  170  output 
Remote  Operation  via  Camera  Controller 


Genlock  Sync 

Scanning  Mount  Specifications1 

Stepper  Motor  Controlled  Rotary  Table 
55  lbs  load,  6  arcsec  Resolution,  72  deg/sec  max 
Computer  Programmable  Controller  with  up  to 
99  program  memory  UHand  Held  Terminal 
RS-232  Mount  Control  Interface 

Digital  Frame  Acquisition1 
EISA  Bus  Frame  Grabber 
30  fps  full  frame  Real  Time  Acquisition, 
Processing  and  Display 
On-Board  Graphics  Accelerator 
40  MPixel/sec  Monochrome  Data  Acquisition 
Simultaneous  Grab  of  up  to  3  Synchronized 
Monochrome  Inputs 

Digital  Data  Acquisition  System1 

90  MHz  Pentium  Multi-processor  System 
6  GB  Fast  and  Wide  SCSI-2  Disk  Array 
96  MB  Memory 
Fast  Ethernet  Adapter 

Modes  of  Operation 

1 .  Analog  Tape  Acquisition 

Hi8  Tape  Format  (2  hrs/tape 
maximum) 

2.  Real-time  Fast-Scan  Digital  Acquisition 

30  fps  Acquisition  Limited  By  Disk 
Space  and  Memory  (15  MB/sec 
max) 

8-bits/pixel 

3.  Extended  Dynamic  Range  Mode 

Real-time  Frame  Accumulation  for 
Extended  Sensitivity  and 
Dynamic  Range 

4.  Ultra  High  Sensitivity,  Reduced  Resolution 
Mode 

Arbitrary  Pixel  Binning  in  both 
directions 

Non-Contiguouss,  Variable  Width 
Band  Selection 


Specifications  for  PHILLS  Instrument  as  presently  configured. 
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Table  I. 


PHILLS  Module 


0 

0 

£ 

o 


o 

0 

Q. 

</) 

0 


Q. 

c n 

CO 

0 

CO 

T3 

0 

CO 

3 


apmmv 


119 


ctrum 


PHILLS  Module 
used  Like  a  Streak  Camera 


apnimv 


120 


Time 


TOPSIDE  VIEWS  OF  LIGHTNING  AND  SPRITES 


W.  L.  Boeck 
Niagara  University 
and 

O.  H.  Vaughan  Jr.  and  R.  Blakeslee 
NASA  Marshall  Space  Flight  Center 


For  many  years  Vaughan  and  Vonnegut  have  gathered  and  published  pilots  reports  of 
unusual  sightings  above  lightning  storms.  The  first  video  image  of  a  sprite  by  Winckler  showed 
the  sprite  but  not  the  causative  lightning  flash.  Trees  in  the  foreground  blocked  the  view  of  the 
horizon  and  the  storm.  Images  obtained  from  space  platforms  view  these  phenomena  from  the 
topside. 

In  the  following  years,  17  images  of  sprites  were  found  in  the  MLE  video  archives  of 
lightning  storm  observations  from  the  Space  Shuttle.  These  images  established:  a  strong 
causal  link  between  a  very  bright  lightning  flash  under  a  cloud  anvil  and  a  sprite  in  the 
mesosphere  above  the  anvil;  a  fraction  of  a  second  time  delay  between  the  onset  of  cloud 
lightning  activity  and  the  appearance  of  the  sprite;  that  the  cloud  source  of  the  sprite  is 
characterized  by  a  low  lightning  flash  rate(  a  few  flashs  /min)  and  that  sprites  are  found  over 
North  and  South  America,  Africa  and  Australia,  the  Atlantic  and  Pacific  Oceans. 

The  one  North  American  sprite  was  associated  with  a  positive  cloud  to  ground  strike.  The 
other  lightning  flashs  in  the  scene  were  associated  with  negative  CG  and  TRIMPI  events. 
Measurements  in  the  American  Mid  West  demonstrated  that  the  early  estimated  of  height  and 
frequency  were  much  too  small. 

MLE  also  recorded  the  first  images  of  rocket  lightning  a.k.a.  "Blue  Jet"  on  October  21 ,  1989. 
The  Australian  storm  differed  in  several  ways  from  a  typical  sprite  producing  storm.  The  most 
notable  characteristic  is  the  high  lightning  flash  rate  (greater  than  50/min)  and  an  optically  thick 
anvil  cloud.  There  is  some  evidence  that  an  overshooting  cloud  turret  is  present 
when  "jets"  are  observed. 

In  addition  to  luminous  phenomena  in  the  stratosphere  and  mesosphere,  there  is  the  first 
observation  of  a  lightning  flash  simultaneous  with  a  flash  at  the  airglow  layer.  This  phenomena 
is  distinguished  by  the  absence  of  a  sprite  or  other  visible  event  in  the  clear  air  below  the 
airglow  layer.  The  example  was  found  during  the  STS-41  mission  on  October  7,  1990.  The 
causal  storm  was  over  the  Atlantic  Ocean  off  the  coast  of  South  America.  The  cloud  had  a  flash 
rate  of  less  than  1  per  minute.  The  airglow  flash  appear  promptly  along  with  the  causal  flash. 
Theories  explain  this  observation  as  the  prompt  heating  of  the  ionosphere  due  to  the  EMP 
produced  by  lightning.  Other  observations  of  this  phenomena  confirm  that  the  production  of  a 
luminous  disc  of  several  hundred  kilometers  diameter  occurs  within  1  ms  of  the  lightning 
discharge  and  well  before  any  sprite  activity. 
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Observations  of  Electric  Field  and  X-rays  Above  Thunderstorms:  Relevant  to  Optical  Sprites? 

K  B.  Eack,  Department  of  Physics  and  Astronomy,  University  of  Oklahoma,  Norman,  OK. 

W.H.  Beasley,  School  of  Meteorology,  University  of  Oklahoma,  Norman,  OK 

W  D.  Rust,  NOAA  -  National  Severe  Storms  Laboratory  (NSSL),  Norman,  OK. 

M  Stolzenburg,  Cooperative  Institute  for  Mesoscale  Meteorology  /  NSSL,  Norman,  OK 

T  C.  Marshall,  Department  of  Physics  and  Astronomy,  University  of  Mississippi,  University,  MS. 

During  the  Spring  of  1995,  X-ray  detectors  were  flown  on  four  balloon  flights  into  the  stratiform  regions  of 
four  mesoscale  convective  systems  (MCS).  The  X-ray  instrument  uses  a  sodium  iodide  scintillation  detector, 
A  three-channel  (30  to  60,  60  to  90  and  90  to  120  keV)  X-ray  spectrum  is  acquired  every  0.25  seconds.  In 
addition  to  the  X-ray  detector,  an  electric-field  mill  and  a  meteorological  radiosonde  are  also  flown  on  the 
balloon  (Figure  1 ) 

The  original  motivation  for  this  work  was  to  verify  the  hypothesis  of  C.T.R  Wilson  (1925)  that  thunderstorm 
electric  fields  should  be  able  to  produce  energetic  electrons,  and  to  extend  the  measurements  made  by  Parks 
et  al.  (1981)  and  McCarthy  and  Parks  (1985)  of  X-ray  production  in  thunderstorms.  In  two  of  the  four  flights 
made,  we  did  observe  X-rays  associated  with  the  strong  electric  field  region  inside  the  cloud  The  fourth  and 
final  flight  of  the  season  was  made  on  June  29,  1995  from  a  launch  site  east  of  Guymon  in  the  Oklahoma 
Panhandle  The  detector  was  modified  from  the  previous  three  flights  in  that  it  looked  up  rather  than  down 
The  complete  X-ray  and  electric-field  soundings  for  this  flight  are  shown  in  Figure  2.  Although  no  X-ray 
events  were  detected  in  the  cloud,  three  pulses  with  a  duration  of  about  1  second  were  observed  above  the 
cloud  near  1 5  km  MSL  with  a  measured  atmospheric  pressure  of  127  mb  (Figure  3).  Each  step  in  Figure  3 
is  0.25  seconds  wide  The  electric  field  strength  measured  at  the  balloon  at  the  time  of  the  pulses  was  about 
-0.5  kV/m  (negative  meaning  the  field  lines  directed  downward). 

The  pulses  occurred  at  06:54:50,  06:55:24  and  06:55:26  UTC  From  the  NLDN  (National  Lightning  Detection 
Network)  ground-strike  data,  no  cloud-to-ground  lightning  occurred  at  these  times  within  50  miles  of  the 
launch  point.  However  during  a  period  of  5  minutes  on  either  side  of  the  pulses  there  were  5  flashes  within 
the  50  mile  radius,  all  but  one  were  positive,  with  one  of  the  positives  having  a  reported  current  of  103  kA 
Expanding  the  search  radius,  we  found  that  there  were  two  positive  flashes  that  occurred  two  seconds  apart, 
but  according  to  NLDN,  were  offset  two  seconds  earlier  than  the  observed  X-ray  pulses.  A  systematic  timing 
error  of  2  seconds  is  possible  given  the  methods  used  to  synchronize  the  time  to  a  satellite  clock,  but  would 
probably  be  on  the  outer  edge  of  the  error  margin.  The  flashes  occurred  at  06:55:22  and  06:55:24  with 
currents  of  73  kA  and  74  kA.  The  first  flash  was  100  miles  from  the  balloon's  position,  while  the  second  was 
64  miles  distant.  In  addition,  at  the  time  of  the  X-ray  pulses,  we  observed  a  large  horizontal  lightning  discharge 
from  the  launch  site. 
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Figure  1 .  Typical  configuration  of  balloon  instrumentation 
for  X-ray  measurements. 


Altitude  (km  MSL) 
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-  Russian  funding  has  been  requested  from  the  International 
Science  and  Technology  Center  (ISTC)  in  Moscow. 
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Annapolis 


Table  2.1:  The  instrumentation  used  during  the  thunderstorm  electric  field 
campaign,  with  the  altitude  ranges  and  operating  ins t itutions . 


Experiment 

Altitude  Ranee 

Institution 

Ionospheric  Rocket 
(Thunder  Hi) 

85  km  -  154  km 

Cornell  University 

Mesospheric  Rocket 
(Thunder  Lo) 

60  km  -  88  km 

Cornell  University 

Rocket  Released 

Parachute -Borne  Payload 

25  km  -  75  km 

Pennsylvania  State 
University 

S tratospheric  Balloon 

24  km  -  30  km 

University  of 
Washington 

Flat  Plate  Antenna 

Ground  Based 

NASA/Goddard  Space 
Flight  Center 

Meterological  Radar 
(SPANDAR) 

Ground  Based 

NASA/Wallops  Flight 
Facility 

Lightning  Locating 

System  (LDAR) 

Ground  Based 

NASA/Wallops  Flight 
Facility 

Ionosonde 

Ground  Based 

NASA/Wallops  Flight 
Facility 
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Thunderstorm  Electric  Field  Campaign 
Wallops  Island,  Virginia 
August  9,  1981 


Figure  2.1  Electric  field  measurement  configuration  for  Thunder  Hi 
(33.022)  and  Thunder  Lo  (31.022). 
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Figure  4.11  Electric  field  changes  produced  by: 
charge  from  a  perfect  dielectric;  b)  adding  a 
perfect  dielectric;  c)  adding  a  positive  charge  to 


a)  removing  a  negative 
positive  charge  to  a 
a  conductor. 
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Figure  4.13  Plots  of  the  vertical  electric  field  (Ez)  for  a  lightning 
flash  as  modelled  by  Dej nakar intra  and  Park  (1974]  at  a  horizontal 
distance  r— 5  km  and  selected  altitudes  (z) . 
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Figure  4.10  Geometry  of  the  travelling-wave  antenna  model  for  lightning 
return  strokes.  Note:  the  fields  are  calculated  in  a  cylindrical 
coordinate  system. 


Che  relationship  between  the  currents  and  the  electric  fields  they 
produce . 
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There  are  three  source  terms  in  Equation  (4.5)  for  the  electric 
field  produced  by  the  travel ling -wave  antenna,  while  there  are  only  two 
source  terms  In  the  magnetic  field  equation.  We  have  labelled  these 
terms  in  Equations  (4.5)  and  (4.6)  and  will  discuss  each  of  them 
separately. 
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Figure  4.16  (Top  panel)  Model  of  electric  fields  measured  in  the  upper 
atmosphere  due  to  a  lightning  flash  consisting  of  three  return  strokes 
and  the  result  when  the  transfer  function  (with  no  spreading)  is 
applied.  (Cutout)  Expanded  section  shows  the  expected  up -going  electric 
fields  at  75  ka.  Two  scales  are  given  for  the  case  with  no  spreading 
and  for  the  case  with  R3  spreading. 
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Figure  4.6  Electric  field  data  from  both  Thunder  Hi  and  Thunder  Lo . 
The  data  is  for  three  strokes  of  the  same  lightning  flash. 
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Table  4.1  Statistics  for  1 ightnlng- induced  electric  field  transients 


Number  of 

Length  of 

Average 

Rise 

Decay 

Instrument 

Transients 

Data  Period 

Amp 1 i tude 

Time 

Time 

Flat- Plate 

Antenna 

n1 

300  s 

4 

* 

4 

* 

-10  s 

Balloon 

131 

(721) 1 

300  s 
(3  hr) 

~ lOOmV/m 

0.1s5 

-10  s 

Parachute  - 

Borne 

Payload 

2 

(8) 1 

300  s 
(11  min) 

-5V/m 

n  i  5  •  6 

0.1  s 

1-2  s 
5-7  s 

Thunder  Lo 

352 

120  s 

~40mV/m 

7 

■* 

30  ms 

Thunder  Hi 

70Z 

300  s 

-15mV/m 

0 . 2  ms3 

3  -  5ms 

33.050 

Below  150  km 

451 

124  s 

~35mV/m^ 

0.2  ms3 

>3  ms 

Above  150  km 

19  • 

179  s 

-25raV/m° 

0.2  ms3 

>3  ms 

1  Corresponds 

to  the  number  of  lightning 

flashes  that 

induced  a 

transient . 

Corresponds  to  the  number  of  lightning  strokes  that  induced  a 
transient . 

3  Signal- to-Noise  ratio  limited  resolution  to  signals  >10  mV/m. 

4  Instrument  calibration  not  available. 

Measurement  is  limited  by  frequency  response  of  instrument. 

6 Measurement  somewhat  limited  by  telemetry  degradation  due  to  lightning. 

7  Signals  did  not  show  a  clear  rise -time  and  decay. 

8 Data  is  fit  best  by  two  time  constants.  A  fast  time  constant  for  the 
first  portion  of  the  transient  (1  to  2  e-folds)  and  a  'tail'  with  a 
slower  decay. 

9 Signals  did  not  show  a  clear  decay- time.  The  time  given  corresponds  to 
the  duration  of  the  lightning  induced  signals. 
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The  upward  coupling  of  the  'quasi-static 
fields  in  the  70  -100  km  altitude  range  is 

not  well  understood. 


o  = 


a, 


■o 


o 


H 


H 


0 


Op 

0 


0 

0 

cr, 


A 


cr  =  parallel,  oP  =  Pedersen ,  oH  =  Hall 


Parallel  fields  (EWB)  should  couple  as  at  lower 
altitudes  with  E  ^  o~x . 

Perpendicular  fields  are  more  complicated. 

The  'quasi-static*  electric  field  is  driving  currents 
in  the  atmosphere  which  are  then  converting  to 
electromagnetic  waves. 

The  Hall  term  in  the  conductivity  allows  the  fields 
to  penetrate  much  further  in  a  whistler  mode  (i.e., 
j  i  e  is  energy  not  absorbed  in  the  medium). 

Picture  is  further  complicated  by  wave  reflection 
and  destructive  interference  in  this  region. 

Most  models  have  ignored  Hall  term. 


* 
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What  to  do  next? 


Fly  rockets  over  a  large  storm  that  is 

producing  both  positive  and  negative 
cloud-to-ground  flashes. 


Wallops  Island  is  not  a  good  location. 
White  Sands  Missile  Range,  New 

IV!  p  yi  p  o  ^ 

Eglin  AFB,  Florida? 

Puerto  Rico  in  1997? 

Others? 


Measure  full  vector  electric  field  (EMP  and 
Quasi-Static)  with  high  frequency 
response  0  -  100  KHz  (?  MHz). 


Have  high  time  resolution  ground-based 
measurements  to  determine  Q,  I,  SI/8t 
so  we  can  scale  fields  for  the  largest  of 
lightning  strokes. 


Measure  the  response  of  the  D-region  to  the 
applied  fields  (electron  energy 
distribution,  density  enhancements, 
etc.). 
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Sprites  Workshop 
Phillips  Laboratories 
Hanscom  APB 
Bedford,  Mass. 
October  18-19,  1995 


SPACE-BORNE  OBSERVATIONS  OF  GAMMA-RAY  FLASHES 
ABOVE  THUNDERSTORMS 


G.J.  Fishman,  R  Mallozzi1,  J.M.  Horack 
Space  Sciences  Laboratory 
NASA-  Marshall  Space  Flight  Center 
Huntsville,  AL  35812 


Abstract 


Intense  flashes  of  MeV  photons  have  been  observed  with  space-borne  detectors  above 
thunderstorms.  These  flashes  must  originate  at  altitudes  above  30  km,  in  order  to  be 
observable  by  orbiting  detectors.  At  least  fifty  events  have  been  detected  over  the  past 
four  years  by  the  Burst  and  Transient  Source  Experiment  (BATSE)  aboard  the  Compton 
Gamma-Ray  Observatory  (CGRO).  The  most  likely  origin  of  these  high-energy  photons 
is  bremsstrahlung  from  electrons,  presumably  from  high  altitude  electrical  discharges 
above  thunderstorm  regions.  As  a  discharge  phenomenon  they  are  likely  related  to  jets 
and  sprites,  although  a  coincident  event  has  not  yet  been  observed  due  to  sporadic  global 
coverage  of  both  phenomena. 


‘also  University  of  Alabama,  Huntsville 
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Introduction 


The  Compton  Gamma-Ray  Observatory  (CGRO)  was  launched  in  April  1991  to  perform 
observations  of  celestial  gamma-ray  sources.  The  Burst  and  Transient  Source  Experiment 
(BATSE)  is  one  of  four  experiments  on  the  observatory.  It  serves  as  an  all-sky  monitor, 
detecting  cosmic  gamma-ray  bursts,  hard  x-ray  transients,  persistent  x-ray  sources  and 
solar  flares.  In  addition  to  these  celestial  sources,  on  rare  occasions  BATSE  has  seen 
gamma-ray  flashes  from  the  earth's  atmosphere. 

The  terrestrial  gamma-ray  flashes  discovered  by  BATSE  must  originate  at  altitudes  above 
at  least  30  km  in  order  to  be  observable  by  orbiting  detectors.  At  least  fifty  events  have 
been  detected  over  the  past  four  and  a  half  years.  Several  of  the  events  are  seen  to  come 
from  the  direction  of  large  weather  systems,  although  concurrent  weather  images  are  not 
available  in  most  cases.  The  energy  spectra  from  the  events  are  consistent  with 
bremsstrahlung  from  energetic  (MeV)  electrons. 


The  BATSE  Detector  System 

BATSE  consists  of  an  array  of  eight  detector  modules  located  at  the  corners  of  the 
observatory,  arranged  to  provide  maximum  unobstructed  sky  coverage  (Figure  l).  The 
scintillation  detectors  are  sensitive  to  photons  with  energies  above  20  keV.  The  geometry 
of  the  array  results  in  sources  being  usually  observed  by  four  detectors.  Data  from  the 
detectors  are  processed  on-board  by  a  data  system  which  sorts  the  data  into  several  data 
types  with  differing  temporal  and  spectral  resolution. 

The  BATSE  data  type  with  high  time  resolution  used  to  study  the  gamma-ray  flashes 
reported  here  is  the  time-tagged  event  (TTE)  data.  These  data  are  usually  recorded 
whenever  the  on-board  trigger  system  is  enabled.  However,  sometimes  these  data  are 
overwritten  or  otherwise  unavailable  due  to  telemetry  gaps.  In  these  cases,  only  data  with 
64  ms  time  resolution  are  available.  The  TTE  data  consist  of  up  to  32,000  individual 
scintillation  detector  events  that  are  identified  by  the  detector  module  that  recorded  it,  the 
energy  channel  (one  of  four  channels)  and  the  arrival  time  (recorded  to  2ps  relative 
accuracy).  The  four  energy  channels  are  approximately  20-50  keV,  50-100  keV,  100-300 
keV  and  >300  keV.  A  continuously  operating  ring  buffer  allows  the  recording  of 
approximately  8,000  events  prior  to  the  time  of  the  trigger  recognition.  These  "pre- 
trigger"  data  have  been  essential  in  these  studies  of  short  timescale  phenomena  such  as 
these  events. 


Observations 


The  initial  paper  describing  twelve  of  over  fifty  of  these  events  was  published  last  year 
(Ref.  1).  A  world  map  of  the  spacecraft  location  at  the  time  of  these  twelve  events,  along 
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with  the  global  distribution  of  thunderstorms  is  shown  in  Figure  2  (from  Ref.  1).  Note 
that  the  28.5  degree  inclination  of  the  spacecraft  orbit  confines  the  observatory  primarily 
to  tropical  regions.  The  general  similarity  of  the  two  distributions  is  apparent,  along  with 
the  scarcity  of  events  over  the  large  ocean  regions  of  the  world,  where  few  mesoscale 
thunderstorms  form. 


BATSE 

Detector  Module 


Figure  1  The  BATSE  experiment  on  the  Compton  Gamma-Ray 
Observatory 


Two  unique  characteristics  of  these  events  are  their  extremely  hard  spectra  and  their  short 
duration.  These  features  are  very  distinct  from  other  events  which  have  triggered  the 
BATSE  detectors  such  as  gamma-ray  bursts,  solar  flares,  fluctuations  of  other  known  hard 
x-ray  and  gamma-ray  sources,  and  bremsstrahlung  from  precipitating  magnetospheric 
electrons.  Most  of  these  events  are  seen  by  more  than  four  detectors,  as  there  is 
considerable  scattering  of  photons  in  the  spacecraft  and  transmission  through  the  rear  of 
the  detector  modules.  However,  the  observed  counting  rate  ratios  of  the  detectors  are 
consistent  with  the  source  of  these  events  originating  from  a  large  distance  relative  to  the 
spacecraft  dimensions.  Furthermore,  these  events  are  located  by  the  BATSE  detectors  as 
emanating  from  below  the  local  horizon.  Other,  independent  detectors  from  another 
experiment  on  the  Compton  Observatory  confirm  these  events.  It  is  likely  that  many 
other,  weaker  events  of  similar  origin  go  undetected  due  to  the  trigger  criteria 
implemented  by  BATSE.  In  particular,  the  minimum  sampling  time  for  triggering  the 
BATSE  burst  mode  is  64ms,  over  ten  times  longer  than  the  duration  of  most  of  these 
events.  Estimates  of  the  direction  to  the  sources  of  the  flashes  can  be  made  by  comparing 
the  relative  responses  of  the  eight  BATSE  detectors  which  view  different  directions. 
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However,  the  directions  thus  derived  are  rather  imprecise  due  to  the  penetrating  nature  of 
these  photons.  Typically,  the  azimuth  and  elevation  direction  sectors  are  derived  with 
uncertainties  of  from  30  to  60  degrees. 

It  is  believed  that  prior  instrumentation  and  experiments  were  incapable  of  detecting  the 
events  reported  here  for  various  reasons,  or  these  events  were  overlooked  as  being 


Figure  2.  The  global  distribution  of  12  of  the  events  compared 
with  that  of  thunderstorm  regions. 


spurious.  The  temporal  resolution  of  most  experiments  would  not  have  been  able  to 
respond  to  these  very  brief  events  and/or  would  have  had  poor  signal  to  noise  when 
sampled  with  coarser  time  resolution 

Many  of  the  events  have  multiple  pulses  and,  in  a  few  events,  the  pulses  seem  to  overlap. 
Durations  of  the  majority  of  events  are  from  1ms  to  6ms,  although  durations  as  short  as 
0.5ms  and  as  long  as  10ms  have  been  seen.  The  time  profile  of  an  event  detected  on 
September  22,  1995  is  shown  in  Figure  3.  Here  the  detected  photons  in  two  detectors  are 
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plotted  in  lOOps  bins.  The  event  duration  was  about  5ms  and  consisted  of  multiple  of 
peaks,  some  of  which  are  unresolved  in  the  later  stages  of  the  event.  All  of  the  peaks  have 
characteristic  rise-times  and  fall-times  of  100-200ps. 

No  prior  references  to  gamma  radiation  from  atmospheric  electrical  discharges  or  from 
electrons  precipitating  from  the  magnetosphere  have  been  found  in  the  literature.  Because 
of  the  new  and  unique  nature  of  these  events,  the  lack  of  correlated  observations  in  other 
spectral  regions,  and  the  paucity  of  concurrent  weather  data,  the  exact  cause  of  the 


TTE  Data  for  Trigger  *3813 


Figure  3.  The  time  profile  of  a  recent  event  (see  text). 

phenomenon  must  await  further  study.  However,  recent  observations  by  Inan,  et  al.  (pnv. 
comm.)  show  evidence  for  at  least  one  of  these  events  being  associated  with  intense 
spherics  from  thunderstorms  off  the  western  coast  of  Mexico. 
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■Spectral  Characteristics  of  the  Terrestrial  Gamma-rav  Flashes 


The  terrestrial  gamma-ray  flashes  (TGF's)  seen  by  the  BATSE  experiment  all  have 
characteristic  hard  spectra  that  are  unlike  any  other  spectra  observed  by  BATSE  from 
either  a  geophysical  or  an  astrophysical  source.  For  example,  the  spectra  produced  by 
precipitating  geomagnetically-trapped  electrons  are  often  seen  by  BATSE  in  the 
geomagnetic  regions  above  L=1.0.  These  photons  have  a  relatively  soft  spectra,  with  few 
observed  photons  above  300  keV.  Most  galactic  neutron  star  and  black  hole  sources 
observed  by  BATSE  have  spectra  that  are  characteristic  of  radiation  produced  by 
optically-thin  thermal  bremsstrahlung  (OTTB),  with  typical  characteristic  temperatures 
between  10  keV  and  50  keV. 

It  has  been  difficult  to  deconvolve  the  spectra  of  the  TGF's  due  to.  1)  The  penetrating 
nature  of  their  spectra  makes  a  unique  deconvolution  difficult,  since  only  partial  energy 
losses  from  the  photons  are  usually  recorded  in  the  detectors  and  2)  The  TGF's  produce 
only  a  limited  number  of  detected  photons  during  the  brief  appearance  of  the  event. 


In  Figure  4,  we  show  a  plot  of  individual  photons  (or,  more  correctly,  counts)  from  one  of 
the  TGF  events.  Plotted  here  are  the  detected  energy  deposits  of  single  photons  in  the 
eight  BATSE  spectroscopy  detectors  (SD's).  Each  photon  is  indicated  by  its  arrival  time 
and  energy  loss  in  the  detector.  The  cluster  of  photons  around  0.019s  before  the  trigger 
of  the  on-board  burst  system  clearly  distinguishes  the  TGF  from  the  isolated  background 
events  (mainly  secondary  cosmic-ray  photons).  The  detectors  are  operated  at  different 
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Figure  4.  A  plot  of  the  arrival  time  and  energy  of  photons  from  four  of 
the  eight  BATSE  spectroscopy  detectors  (SD's),  from  event 
#868,  detected  on  October  5,  1991. 
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gains  and  thus  have  different  energy  ranges.  Many  of  the  events  in  the  BATSE 
spectroscopy  detectors  no.  3  and  4  are  above  the  upper  range  of  the  detectors  (about  1.5 
MeV),  as  indicated  by  an  upward  line  from  the  cross  at  each  event.  The  incident  photon 
energies  of  these  events  are  likely  to  be  considerably  higher  than  this  lower  limit. 


Future  Work 


The  Compton  Gamma  Ray  Observatory  will  continue  observations  for  at  least  another  five 
years.  The  current  interest  in  Sprite  observations  should  allow  numerous  opportunities  for 
coordinated  observations  of  the  gamma-ray  phenomena  and  high-altitude  discharges  above 
thunderstorms.  Work  is  currently  in  progress  to  improve  the  determination  of  the  spectra 
of  these  events. 


Reference 


1  Fishman,  G.J.;  Bhat,  P.N.;  Mallozzi,  R.;  Horack,  J.M.,  et  al.,  "Discovery  of  Intense 
Gamma-ray  Flashes  of  Atmospheric  Origin",  Science ,  27  May  1994,  Vol  264, 

(no. 5 163):  1313-16. 
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ELECTROMAGNETIC  FIELDS  OF  RED  SPRITES 


Les  Hale  and  Lee  Marshall 
Communications  and  Space  Sciences  Laboratory 
Penn  State  University,  University  Park,  PA  16802 
Tel:  (814)  865-2361;  FAX:  (814)  863-8457;  e-mail:  Les  Hale@PSU.EDU 


The  time-dependent  electromagnetic  (E  and  H)  fields  of  several  dozen  “red  sprites” 
(visually  identified  by  Walt  Lyons  of  Ft.  Collins,  CO)  were  measured  in  Central  Pennsylvania. 
Battery-powered  equipment  at  a  low-noise  site  away  from  power  lines  was  used  to  avoid  60  Hz 
and  harmonics,  although  a  60  Hz  notch  filter  was  still  necessary  for  the  magnetic  field  data. 

Unexpectedly,  the  sprites-related  data  were  easily  distinguishable  from  other  events, 
which  occurred  much  more  frequently.  This  was  due  to  a  characteristic  polarity  (related  to 
“positive”  lightning),  a  greater  pulse  width,  and  other  characteristics,  including  detailed 
structure  related  to  the  ‘Visual”  sprite.  The  power  spectra  of  the  sprites  were  primarily  at  ELF 
above  the  Schumann  resonance  range,  at  about  100-300  Hz.  However,  the  EM  energy  was  so 
large  (about  a  megajoule)  that  they  could  be  detected  over  a  broader  range  of  frequencies,  and 
are  probably  large  IR  sources. 

The  characteristic  shape  of  the  waveforms  was  such  that  it  would  appear  to  be  possible 
to  build  an  electronic  “sprite  detector,”  which  in  conjunction  with  lightning  locator  data  could 
provide  a  “sprite  mapper”  which  would  function  independently  of  visual  observations. 


The  original  abstract  is  above.  What  was  presented  at  the  workshop  follows  below: 

We  show  in  the  following  figures  electric  and  magnetic  field  data  related  to  “sprites” 
and  “airglow  events  identified  by  Walt  Lyons  on  the  date  of  July  24, 1995.  The  magnetic  field 
has  not  yet  been  accurately  calibrated  but  is  believed  to  be  related  to  the  electric  field  by  Ez 
=377H(j),  which  is  consistent  with  the  “radial  TEM”  or  zero  mode  of  propagation.  The 
bandwidth  of  the  electric  field  measurement  was  about  5  kHz  and  the  magnetic  field  about  1 
kHz.  Note  that  the  electric  field  consequently  shows  much  more  structure  due  to  faster  events 
but  the  lower  frequency  “filtered”  magnetic  field,  which  could  also  be  generated  by  filtering 
of  the  electric  field,  shows  a  more  consistent  structure.  This  indicates  that  the  ELF  signal  in 
the  roughly  100  Hz  to  1  kHz  range  could  be  used  in  constructing  a  “sprite  monitor”  with  a 
range  of  thousands  of  kilometers  (but  ~5  Hz  to  ~50  kHz  should  be  used  to  study  basic  physical 
processes,  in  conjunction  with  optical  measurements,  in  future  campaigns). 
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CONCLUSIONS 


1 )  VARIETY  OF  E  &  M  SIGNALS  FROM  “SPRITES”  AND 
“AIRGLOW  EVENTS”  WITH  AND  WITHOUT  “FAST’ 
EVENTS  OF  BOTH  POLARITIES. 

2)  COMMON  FEATURE:  NEGATIVE  GOING  ELF 
WAVEFORM  -  POSSIBILITY  TO  COMBINE  WITH 
LIGHTNING  LOCATOR  DATA  FOR  “SPRITE  MAPPER”. 

3)  ENERGY  OF  ELF  SPRITE  ~106  IOULES  »  VISIBLE 
SPRITE. 

4)  ADVANTAGES  OF  E-FIELD  MEASUREMENTS: 

♦  EASIER  TO  FIND  QUIET  LOCATION 

♦  EASIER  TO  MEASURE  WIDE-BAND 

♦  OMNI-DIRECTIONAL 

5)  ADVANTAGES  OF  H-FIELD  MEASUREMENTS: 

♦  POSSIBILITY  OF  DIRECTION-FINDING 

♦  LESS  SENSITIVE  TO  LOCAL  WEATHER 

6)  NEXT  TIME:  AT  LEAST  TWO  LOCATIONS,  ONE  WITH 
OPTICS.  5  Hz  TO  25kHz  BANDWIDTH.  COMPLETELY 
DIGITAL  WITH  TAPE  BACKUP. 


POSSIBLY  UNPOPULAR  CONCLUSION: 

CONSISTENT  “POSITIVE”  LIGHTNING  SIGNAL  MAY 
BE  FROM  THE  SPRITE  ITSELF. 
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NOTE:  This  material  was  not  considered  sufficiently  “new”  to  be  published  as  a  letter  by  a  couple 
of  journals,  but  may  be  of  interest  to  some  people  not  intimately  familiar  with  the  literature  in  this 
“field.”  Comments,  including  violent  disagreement,  are  welcomed  with  enthusiasm.  L.H. 

ON  THE  COUPLING  OF  FIELDS,  CURRENTS,  AN  ENERGY  FROM  LIGHTNING  TO  THE 

UPPER  ATMOSPHERE  AND  IONOSPHERE:  A  “CURRENT”  STATEMENT 

Les  Hale,  CSSL/Penn  State 
University  Park,  PA  16802-2707 
Tel:  (814)  865-2361  e-mail:  Les  Hale@PSU.EDU 

Stimulated  by  the  “red-sprites”  phenomenon,  there  has  been  a  resurgence  of  interest  in  the 
coupling  of  E  &  M  fields  from  tropospheric  lightning  to  the  “ionosphere.”  Many  workers  have 
concluded  that  the  fields  calculated  using  free  space  dipole  moments  (or,  using  superposition, 
mnltipole  moments),  e.g.  radiation,  induction  or  intermediate,  and  electrostatic,  are  inadequate  to 
explain  the  mesospheric  phenomenon  of  “red  sprites  ”  This  communication  is  intended  to  collect 
some  ideas  which,  while  generally  not  new,  may  be  relevant  to  the  problem.  While  there  appear  to 
be  some  good  theoretical  treatments,  for  example  the  recent  work  of  Sukorukov,  such  work  tends 
to  be  somewhat  mathematical,  which  is  avoided  in  this  discussion. 

Free  space  dipole  moments  are  not  generally  valid  for  lightning  fields  which  are  confined 
between  the  conducting  earth  and  the  generally  more  “fuzzy”  ionospheric  boundary.  However,  for 
a  lightning  return  stroke  current  iL(t)  which  flows  in  less  than  about  a  millisecond,  the  induction  and 
“radiation”  fields  incident  on  the  upper  atmosphere,  due  to  iL  and  diL/dt,  are  valid  as  long  as  ground 
reflection  is  considered.  This  is  not  true  for  the  “electrostatic  component,  which  is  quite  different 
from  the  free-space  case.  In  the  case  of  cloud-to-earth  strokes  this  is  usually  handled  by  considering 
the  effects  of  “Wilson  monopoles,”  which  are  charge  centers  created  by  the  time  integral  of  the 
lightning  currents.  (“Dipoles”  and  more  complex  situations  can  be  considered  using  the  superposed 
fields  of  two  or  more  such  monopoles.)  At  large  distances  the  monopoles  can  generally  be  considered 
to  be  point  charges,  persisting  for  the  tens  of  seconds  “relaxation  time  of  their  tropospheric 
deposition  altitude.  They  provide  sources  for  calculating  the  time  dependent  “quasi-static  fields 
associated  with  the  lightning.  Although  this  is  a  very  complex  problem  in  an  atmosphere  with 
continuously  varying  conductivity,  generally  requiring  a  computer  solution  of  the  complete  Maxwell’s 
equations,  in  some  cases  simplifying  assumptions  may  enable  estimation  of  the  fields  and  currents. 
In  particular,  in  the  “quiet”  nighttime  mesosphere,  there  are  essentially  zero  free  electrons  and  the 
electrical  conductivity  o  remains  as  low  as  10' 10  to  10'9  S/m  up  to  a  “ledge”  at  80  to  85  km,  which 
defines  the  effective  height  of  the  transient  solution  which  persists  for  a  time  ejo  of  up  to  tens  of 
milliseconds  after  a  lightning  stoke.  This  gives  rise  to  a  virtually  free-space  electrostatic  solution 
for  the  fields  involving  upper  and  lower  conducting  boundaries  and  a  Wilson  monopole  following  a 
cloud-to-earth  return  stroke.  The  solution  of  this  electrostatic  problem  is  well  known,  and  involves 
an  infinite  Bessel  series.  A  result  of  interest  to  the  sprites  problem  is  that  the  electric  field  just  below 
the  “ledge”  directly  above  the  monopole  is  nearly  double  that  calculated  without  considering  the 
presence  of  the  ionospheric  boundary.  Thus  whatever  lightning  charge  would  be  necessary  to  initiate 
“breakdown”  just  below  the  ledge  (generally  estimated  at  over  200  C  using  the  free-space- 
monopole-plus-earth-image”  model)  can  be  reduced  by  about  half. 
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Although  sufficient  to  create  the  electric  fields  that  initiate  breakdown,  a  purely  “electrostatic’ 
solution  couples  little  energy  and  cannot  sustain  the  discharge  for  the  observed  duration  of  several 
milliseconds.  This  requires  substantial  current  m  the  discharge  region,  which  can  be  generated  m 
different  ways.  The  first  is  direct  excitation  by  a  portion  of  the  source  lightning  current  iL(t). 
Although  the  electric  fields  are  complex,  the  ratio  of  the  electric  flux  is  given  by  a  fraction  f  (typicaUy 
~  0  1)  Sual  to  the  simple  distance  ratio  h^,  where  1^  is  the  altitude  of  the  monopole  and  h ,  is  the 
effective  height  of  the  ionosphere.  This  means  that  for  current  pulses  of  milliseconds  or  longer,  for 
which  a  quasi-static  solution  is  valid  a  current  of  fiL(t)  is  coupled  directly  to  the  ionosphere.  As  the 
width  of  the  current  pulse  is  decreased  to  the  millisecond  range  and  below,  it  is  found  by  a  computer 
solution  of  the  complete  Maxwell’s  equation  that  the  current  pulse  to  the  ionosphere  does  not 
continue  to  decrease  accordingly,  but  remains  about  a  millisecond.  This  is  interpreted  as  the  time 
required  to  establish  the  initial  “quasi-static”  solution,  which  is  controlled  by  the  round-trip 
propagation  delay  between  the  lightning  and  the  upper  boundary.  In  this  limit  the  peak  current  is 
found  to  be  several  hundred  amperes  per  coulomb  of  lightning-separated  charge  [Hale  and  Bagmski, 
Nature  329,  814,  1987],  and  the  writer  believes  that  this  is  the  most  likely  candidate  for  producmg 
the  brightest  portion  of  the  sprite  discharge  (which  may  be  what  is  currently  being  called  an  elf). 


Another  mechanism  which  produces  a  current  to  the  ionosphere  is  due  to  the  conductivity 
gradient  vo  This  mechanism  was  suggested  by  C.  and  P.  Greifinger  [JGR  81,  2237,  1976],  who  also 
gave  an  interesting  physical  interpretation,  a  post-stroke  downward  moving  boundary  between 
regions  dominated  by  conduction  current  (above)  and  displacement  current  (below),  which  has  been 
termed  a  ‘Variable  capacitor”  model  by  Sukorukov.  This  mechanism  dominates  at  ULF  frequencies, 
but  is  much  weaker  than  the  “millisecond”  ELF  pulse,  which  has  been  shown  by  computer  modelling 
to  be  dominant  even  in  situations  where  the  conductivity  varies  contmuously,  with  no  obvious 
“ledge.”  This  mechanism  could  be  important  to  the  sprites  situation  if  the  discharge  originated  at  or 
more  likely  propagated  rapidly  to  very  much  lower  altitudes  (with  a  velocity  of  10  m/sec  or  greater), 
causing  a  substantial  change  in  the  ionospheric  boundary  height  on  the  millisecond  time  scale. 


These  post-stroke  currents  to  the  ionosphere  give  rise  to  radial  TEM  (zero  mode)  wavelets 
which  are  easily  observed  at  a  distance  of  thousands  of  kilometers  as  slow  tails,  although  their 
waveshape  will  appear  modified,  both  by  local  effects  of  the  earth’s  magnetic  field  [Hale,  JGR  99, 
21089,  1994]  and  dispersion  and  attenuation,  which  will  be  much  greater  in  the  daytime  t  an 
nighttime.  The  best  diagnostics  will  probably  be  done  by  E  &  M  measurements  extending  from  about 
5  Hz  to  50  kHz  to  pass  all  of  the  highest  energy  parts  of  the  E  &  M  signal.  The  principal  unknown 
quantity  continues  to  be  the  actual  pre-existing  conductivity  profile  associated  with  “red  spntes. 
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FRACTION  OF  EVENTS  WITH  POSITIVE  POLARITY 

Burke  and  Jones  (1995) 

274  events  total 
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Current  Moment  1 06  A-M 


NORMAL  MODE  EQUATIONS 

(flNOlHb  STILim  UlTW  SC.HUMAM  iliSlNAU C( 

Electric  Field 

=  .  I  ds(to)  v  (v+1)  P°  (~cos9) 

47ia2e0  oh  sin(7uv) 


Magnetic  Field 


H(C0)  = 


-I  ds(co)  PJ,  (-cos0) 
4ah  sin(7rv) 


Wave  Impedence 

Z(co)  -  %<»)  -  j  v  (v+1)  P°  (~cos9) 
H(co)  ae0to  pl  ( — cos0) 
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Volts/meter 


asymptotic  calculation  of  peak-to-peak  frequency  separation 


peak-to-peak. frequency  separation  in  Hz 
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fft  of  H  vs  freq(Hz)  -  unfiltered 
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Julv  25, 1995  Positive  Peak  Currents  Associated  with  Sprite  Events 
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Peak  Current  (kiloamperes) 


fft(linear  scale),  26-Sep-95  4:40:21 ,  win  =  1 0Opts 
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fft  of  H  vs  freq(Hz)  -  unfiltered 


fft(linear  scale),  07-24-95,  04:58:53.231  GMT,  win  =  90pts 


fft  of  H  vs  freq(Hz)  -  unfiltered 
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>htning  discharges  producing  sprites 
Fall  AGU  Meeting] 
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Results  of  a  new  2-D  model  of  EMP-ionosphere  interaction 
flnan.  Sampson.  Taranenko.  in  review  at  GRL.  1995] 
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"A  light  show  in  the  sky”  produced  by  the  interaction  of  the  EMP  with  the  ionosphere 

from°[Inan,  Sampson,  Taranenko,  in  review  at  GRL,  1995] 
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Theoretical  predictions  for  photometric  measurements  from  different  vintage  points 
from  [Inan,  Sampson,  Taranenko,  in  review  at  GRL,  1995] 
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2-D  Quasi-Electrostatic  Model  2-D  QE  Model 
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Predictions  of  a  new  paper  on  the  formation  of  ionization  columns 
and  carrot-like  structures  [Pasko  et  al.f  L995,  in  review  at  GRL] 


Predictions  of  a  new  paper  on  the  formation  of  ionization  columns  and  carrot-like 
structures  [Pasko  et  al.,  1995,  in  review  at  GRL] 
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from  an  upcoming  Fall  AGU  paper 
[PaskoetaL,  1995]  Blue  JetS 
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Essentials  of  the  runaway  breakdown  model  [Bell  et  ah,  GRL.  August.  1990] 
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Lightning  Intensity  (kA)  Linear  amplitude 


Characteristics  of  ELF/VLF  sferics  of  CG  lightning  discharges  producing  sprites 
from  [Reising.  Inan,  Bell,  to  be  presented  at  Fall  AGU  Meeting] 
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A  spectacular  example  of  association  of  VLF  events  and  sprites 
from  [Inan,  Reising,  Lyons,  to  be  presented  at  Fall  AGU,  1995] 


At  least  6  of  the  7  VLF  perturbation 
events  shown  in  the  top  panel  were 
accompanied  by  well-defined,  bright 
Sprites,  as  confirmed  by  optical  ground 
measurements  by  the  W.  Lyons  group. 
This  figure  shows  the  detailed  association 
of  VLF  events  observed  on  the  NSS-YR 
signal  with  CG  lightning  discharges.  The 
top  panel  shows  the  amplitude  of  the  NSS 
(21.4  kHz)  signal  observed  at  Yucca 
Ridge  showing  seven  large  (>  ldB) 
amplitude  perturbations.  The  positive 
CG  flashes  from  this  storm  are  shown  in 
the  middle  panel.  The  CG  flashes 
associated  with  the  seven  VLF  events  are 
denoted  on  the  NLDN  data,  and  the 
locations  are  shown  on  the  map  below. 
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A  spectacular  example  of  association  of  VLF  events  and  sprites 
from  [Inan,  Reising,  Lyons,  to  be  presented  at  Fall  AGU,  1995] 
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Stanford  VLF  Data 


Number  of  Sferics 


Sferic  Histogram  for  PA,  20  May  93  0150-0220  UT, 


Evidence  of  electrically 
active  thunderstorm 
beneath  the  CGRO  during  the 
observation  of  the  gamma 
rav  burst  2348  on  5/20/93. 
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Ionospheric  Effects  Division, Phillips  Laboratory 
Hanscom  AFB,  MA  01731 

^IT  Haystack  Observatory,  Westford  MA  01886 

2Eng.  and  Theory  Ctr,  Cornell  Univ.,  Ithaca  NY  14853 
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GROVES  180CT95 


Recent  Evidence  of 
‘Direct”  Interactions 
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[Sentman  et  al.,  1995] 
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Lightning-induced  Ionospheric  Effects 

(TRUTH95)  Diaanostics 
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Low-light  Video;  Digisonde;  National  Lightning  Detection 
Network  (NLDN) 


TRUTH95 

Measurements  Concept 
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TRUTH95 

Preliminary  Results 
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Effective  noise  floor  increased  by  ~6dB 


Time  (sec)  Altitude  (km) 


Millstone  UHF  27  July  1995 


50  I _ 1 _ 1 _ 1 _ I _ I _ 1 _ 1 _ ! _ I 
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Time  (sec) 


Doppler  Velocity  (km/sec) 


Altitude  (km) 
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11AUG95  MHRUHF  00:06:09  UT 


Doppler  Velocity  (km/sec) 
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Summary 
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Emphasize  “Common  Volume”  Measurements 
Systematic  D,  E,  and  F  Region  Observations 
Bi-Static  Measurements  Planned 
Need  “Proof  of  Sprites”  Data 


PULSED  RADAR  INVESTIGATIONS  OF  RED  SPRITES 

Roland  T.  Tsunoda 
Geoscience  and  Engineering  Center 
SRI  International 
Menlo  Park,  CA  94025 

•  Sponsored  by  National  Science  Foundation,  Aeronomy 
Section 

•  Experiment:  Yucca  Ridge  Field  Station,  Colorado 

Last  week  in  July  1995 

.  Rationale 

(1)  Ionization  anomalies  associated  with  red  sprites  (e.g-j 
VLF  propagation  effects) 

(2)  Increase  in  average  ionization  is  likely  to  be  small  (e.g., 

N  <  104  el/cm3) 

(3)  lonization/electron  heating  likely  to  be  impulsive  and 
structured.  Therefore,  refractive  index  fluctuations  could  be 
large  — >  Radar  Backscatter 

(4)  |f  measurable,  backscatter  characteristics  could  shed 
light  on  plasma  physics  associated  with  red  sprites. 

EXPERIMENTAL  APPROACH 

.  Use  SRI  High-Power  Frequency-Agile  Radar  (FAR) 

--  Pulsed  system 

-  Frequency  range:  2  to  32  MHz 

—  Peak  power:  4  x  30  kW  (120  kW  total) 

—  Maximum  duty  cycle:  5  percent 
.  Reproduce  Results  by  Rumi  [1 957] 

.  Make  Measurements  with  Optical  Sensors 

—  compare  and  correlate  radar  echoes  with  red  sprites 
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Pulsed  Radar  Investigations  of  Red  Sprites 


Radar  Parameters 

Rumi  [1957] 

SRI 

Radar  frequency  (MHz) 

27.85 

24.515 

Peak  power  (kW) 

200 

30 

Pulse  width  (ps) 

40 

60 

PRF  (s-l) 

50 

100 

Antenna 

Vee 

two  4-element  Yagi 

Radar  Echo  Characteristics  obtained  by  Rumi  [1957] 

•  Echoes  are  discrete  and  last  less  than  0.5  s 

.  Echoes  show  no  preferred  range,  out  to  900  km 
.  Rise  times  (noise  level  to  maximum)  in  40  ms 
.  Decay  times  (from  at  least  7  dB  SNR)  in  1 00  ms;  not  exponential 
.  Sometimes  have  tendency  to  recur  at  the  same  range 

•  Occurrence  favored  ±1  hour  around  midnight 
.  As  many  as  400  echoes  occurred  in  1  hour 

.  Occurred  on  more  than  half  the  nights  during  September-November 
1955  (very  few  occurred  in  December) 

•  No  correlation  found  with  any  known  phenomena  was  established 


262 


Echo  150  is  typical,  not  only  for  the  steep  rise,  but  also  for  the  very  flat  hori¬ 
zontal  top.  It  has  to  be  emphasized  that  no  saturation  is  limiting  the  amplitude. 
Indeed,  the  little  rise  at  the  left  of  the  top  indicates  that  there  is  still  a  possibility 
of  increasing  amplitude.  Furthermore,  a  comparison  with  Echo  156  will  show 
that  larger  pips  with  the  same  noise  level  can  be  recorded. 


iSb  U 
Pl2r-  SO  s'' 


Echo  150 — Radar  echo  obtained  at  Ithaca.  Xew  York,  on  2.. >5  Mc/sec,  October  21,  1955, 

2310-2415  hours  E5T 


Rlxvwl 
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RADAR  BACKSCATTER  FROM  RED  SPRITES 


In  the  absence  of  magnetic-field  effects,  the  refractive  index  (magneto¬ 
ionic  theory)  is  given  by 

(ji-/X)2=1 - 0) 

1-zZ 


where  \i  and  %  are  the  real  and  imaginary  parts, 


X  =  — t  and  Z  =  — —  (2) 

C0“  CO 

where  oop  is  the  plasma  frequency,  co  is  the  angular  radio  wave 
frequency,  and  ve  is  the  electron  collision  frequency.  We  can  rewrite 
the  real  part  of  (1)  as 


I fr 

2 


{[(1  -pxf+(pxzf 


1/2 


(3) 


where  p  = 


1 

1  +  Z2 


For  the  case  X  «  1  and  Z2  » 1 ,  we  have  p  =  Z  2  and  pX  « 1 ,  and 
(3)  becomes 


p2  =  i+- 
4 


X 

z 


Differentiating  (4) 


Aji 


1  co2  ["AX 
2|iveco  L  X 


(4) 


(5) 
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where  CO2  =  80.6/V  and  N  is  the  electron  density.  And  from  Bostrom 


[1964] 


en 


en 


=  1.5xl0‘“n„re1/2 

(6) 

=  1.5  x  1  O'11  tiaT~vlATe 

(7) 

Av„  _  A  Te 

(8) 

v  T 

v  en  e 


Substituting  (6)  and  (8)  into  (5) 

40.3  N 


Aji  = 


1.5  xlO  /2n 


AN  AT 


N  T 


(9) 


For  the  Yucca  Ridge  experiment,  f  ~  25  MHz  or  CD  =  1.57  x  10  .  If  we 


assume  that  N  =  1010  m-3  and  nn  =  10zu  m-3,  (9)  becomes 


20 


Aji  = 


1.7x10 


-6 


T. 


in 


AN  AT 


N  T 


(10) 


We  also  note  that  A  =  3.2  x  10  5  and  Y  ~  4.5  x  10  2  for  B  =  0.4  G. 
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On  Runaway  Breakdown  and  Upward  Propagating  Discharges 
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=!>  Initiated  by  energetic  (>  100  keY)  electron 
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2-d  hydrodynamic  model 


Los  Alamos 

Space  &  Atmospheric  Sciences 


NORMALIZED  ELECTRIC  FIELD 
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NORMALIZED  ELECTRIC  FIELD 
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RED  BLUE 


C\J 


(lu>|)  epnjjnv 


277 


ptica 


278 


Fig.  4 


OPTICAL  EMISSIONS  OF  DIFFERENT  MODELS 


Los  Alamos 

Space  &  Atmospheric  Sciences 


As  seen  from  Blackbeard  (low  earth  orbiting  satellite 


Los  Alamos 

Space  &  Atmospheric  Sciences 
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Runaway  breakdown  models  reproduce 


Los  Alamos 

Space  &  Atmospheric  Sciences 


Numerical  Simulations  of  Lower 
Ionospheric  Breakdown  Caused  by 
Lightning  Generated  Electric  Fields 

Harvey  Rowland,  Richard  Femsler, 
Carl  Siefring  and  Paul  Bernhardt 

Naval  Research  Lab 


Sprite  Workshop,  Phillips  Lab. 
Oct.  18,  1995 
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Model 


The  code  uses  Maxwell's  equations  with  the 
currents  calculated  by  Ohm's  law,  j  =  a  E, 
where 


o= 


°P  °H  0 


VoH  ap  0 

0  0  o, 


(D 


The  conductivities  are  the  Pedersen  (ap), 
Hall  (gh)  and  parallel  (a,).  The  code  has 
two  spatial  dimensions  and  the  currents  (x, 
z,  jx,  jy,  and  jz).  The  earth's  magnetic  field  is 
in  the  z  direction. 
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Ionization  and  Breakdown 


We  use  a  fit  to  laboratory  data  of  ionization 
of  air  for  the  appropriate  range  of  E/N 
values. 


5xl0'8 N exp(-1550M££#)  E^/N  >  370 

v.  -  (2> 

10  8  N  exp(-960N/EeJj)  EeffIN  <  370 

where  the  gas  density  N  is  in  cm"3,  v;  is  in 
sec"1,  and  Eeg/N  is  expressed  in  Td  (1  Td  — 
10"17  V-cm2).  the  ionization  rate  is  then  used 
to  update  the  conductivities. 


F.MP  Driven  Breakdown 


EEMf.  -  -  while  E  «  Q 

r  r 


Use  a  discharge  with  large  Imaxbut  no 
continuing  current  —  EMP  dominates 
(Rowland,  et  al.,  GRL,  361,  1995). 


Rreakrlown  due  to  combined  EMP  and  QS 
fields 


E  c <  L  while  Em  «  —  where  Q=(ldt 

EMP  „  QS  „  3  J 


The  same  Imax  as  in  previous  simulation  but  with  a  continuing  current.  When 
Q  *  60C,  breakdown  from  QS  *  EMP.  As  Q  becomes  larger,  maximum  ionization 

moves  to  lower  altitude. 

First,  the  EMP  forms  the  broad  (100's  km),  high  altitude  (70-90  km),  sub-ms 
flash  —ELVES. 

The  QS  can  then  form  the  narrow  (10-  50  km),  lower  altitude  (55-90  km), 
several  msec  flash  —  SPRITES. 

Raising  the  top  of  the  discharge,  increases  ionization  and  lowers  its  altitude 
for  same  Q. 
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21  0  C 


ooooo V 


ne 

continuing  current;  t  =  1  msec ;  Q  =  21  0  C 
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electron  density 
110V/m;t  =  1  msec;Q  =  210C 


Effects  on  the.  FMP  and  the  OSJMds 


Breakdown  modifies  the  conductivity  and  thus  the  propagation  of  the  EMP.  Fig. 

5,  3,  and  6  are  for  the  horizontal  discharge  shown  in  Fig.  2a.  By  turning  off  ionization, 
one  can  compare  the  interaction  with  only  the  ambient,  unmodified  ionosphere. 

Figure  7  and  8  show  the  effects  of  breakdown  on  the  QS  field  for  a  cloud-to- 
ground  discharge  by  comparing  a  simulation  with  breakdown  to  one  with  a  fixed  ambient 
ionosphere.  The  top  figure  shows  the  time  history  of  the  vertical  electric  field  at  70  km 
directly  above  the  discharge.  As  the  ionization  patch  moves  downward,  the  vertical  field 
is  initially  enhanced.  As  it  sweeps  past,  the  increased  conductivity  shorts  out  the  field. 
The  bottom  figure  shows  the  spatial  distribution  of  the  vertical  electric  field  at  1  msec. 
The  bottom  of  the  ionization  is  at  70  km  at  this  time.  In  comparison  to  the  simulation 
with  a  fixed  ionosphere,  the  field  is  enhanced  below  70  kilometers  and  reduced  above. 

Figure  9  shows  a  2  D  plot  of  the  time  integrated  Ems  for  the  c-g  discharge  with 
no  ionization  (top)  and  ionization  (bottom).  This  shows  only  the  high  altitude  fields. 

The  central  fields  are  the  QS  fields  and  the  left  and  right  structures  are  the  EMP.  There  is 
an  absorbing  strip  along  the  left  and  right  boundaries.  One  can  see  the  notch  cut  into  the 
QS  fields  by  the  ionization  patch. 

The  enhanced  E  vertical  is  due  to- 

•focusing  of  the  field  because  of  the  pointed  shape  of  the  ionization  patch  in  the 
horizontal  direction  and, 

•lowering  theeffective  ionosphere  bring  closer  together  the  charge  at  the  top  of  the  cloud 
and  its  image  charge  in  the  ionosphere. 

The  50%  enhancement  is  important,  since  this  lowers  the  Q  needed  for  breakdown. 
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t  ( /usees ) 


Figure  5.  E  versus  time  at  100  km  altitude  with  ionization  (solid  line)  and  without 
ionization  (dashed  line).  Only  the  leading  edge  propagates  to  higher  altitude  when  an 
ionization  patch  forms. 


t  (fisecs) 


Figure  3.  Ex  versus  time  at  46  km  altitude  above  the  lightning  discharge  with  (solid 
line)  and  without  (dashed  line)  self  consistent  ionization.  Enhanced  ionization  causes  a 
strong  reflected  pulse  from  the  trailing  edge  of  the  EMP. 
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E 100  (v/m) 

Figure  6.  The  amplitude  of  the  leading  edge  of  the  EMP  pulse  (triangles)  and  the 
trailing  edge  (circles)  as  a  function  of  normalized  pulse  strength.  The  straight  line 
shows  amplitude  of  the  pulse  with  only  initial  ambient  ionosphere.  As  the  EMP  exceeds 
breakdown  threshold,  first  the  trailing  edge  is  reduced  and  then  the  leading  edge  reaches 

a  maximum. 
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Neutral  density  fluctuations 


The  ionization  rate  is  sensitive  to  the  neutral  density.  The  ionization  depends 
exponentially  on  the  ionization  rate  which  will  amplify  any  neutral  density  variation. 
Therefore  one  possible  source  of  the  structure  seen  in  elves  and  sprites  may  gravity 
waves.  The  following  figure  (Rowland,  et  al.  submitted  JGR,  1995)  shows  how  a  gravity 
wave  (modelled  as  a  horizontal  sine  wave)  changes  the  ionization  shown  in  2a.  The 
wavelength  is  determined  by  the  wavelength  of  the  gravity  wave.  For  this  example  a 
10%  variation  in  the  neutral  density  cause  a  variation  between  3  and  4  in  the  ionized 
density  . 
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Conclusions 


1)  The  EMP  of  the  pulse  forms  ionization  patches  that  are  wide  (100's  km) 
in  the  horizonal  direction  and  restricted  in  altitude  between  70-  90  km 
(Rowland,  et  al.  GRL,  361,  1995;  Rowland,  et  al„  submitted  JGR,  1995). 
These  characteristics  fit  ELVES. 

Since  the  airglow  only  exists  while  the  electric  field  is  present,  they  are 
brief  (  0.1  msec).  Because  of  the  short  lifetime,  breakdown  must  occur  to 
explain  the  strength  of  the  airglow. 

2)  The  QS  fields  grow  if  there  is  a  continuing  current.  When  Q  >  60  C,  the 
maximum  ionization  due  to  the  QS  can  become  greater  than  that  due  to  the 
EMP.  The  altitude  of  the  QS  ionization  can  extend  slightly  above  the  EMP 
ionization.  As  Q  increases,  the  region  of  ionization  extends  to  lower  altitudes 
(55  km)  and  becomes  narrower  in  the  horizontal  direction.  In  the  simulations, 
the  widths  decrease  to  the  cell  size.  The  vertical  altitude  extends  from  90  to 
55  km.  The  horizontal  size  goes  from  50  km  at  80  km  altitude  down  to  a  few 
km  at  55  km  altitude.  These  characteristics  fit  SPRITES. 

As  with  the  ELVES  airglow,  strong  SPRITE  airglow  requires  an  E  field. 
Since  the  enhanced  conductivity  shorts  out  the  field  internal  to  the  SPRITE,  it 
could  be  only  the  outer  shell  that  radiates. 

3)  To  form  ELVES  requires  a  large  Imax.  This  favors  positive-to-ground 
discharges.  Even  if  negative-to-ground  and  positive-  to-  ground  discharges 
have  the  same  dl/dt,  the  positive  EMP  will  be  longer  in  time  and  cause  more 
ionization.  Horizontal  currents  have  a  threshold  current  roughly  half  of  that 
required  for  a  vertical  discharge.  For  a  SPRITE  to  form  requires  a  continuing 
current  that  can  generate  a  large  Q.  This  favors  a  positive-to-ground,  vertical 
discharge. 

Depending  upon  Imax ,  the  duration  of  the  continuing  current,  and  the 
orientation  of  the  discharge,  one  can  observe  an  ELF  and  a  SPRITE  or  one 
and  not  the  other.  If  both  are  present  the  ELF  should  appear  first. 
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Runaway  Breakdown  in  the  Presence  of  Magnetic  Field 


A.V.  Gurevich*,  J.  A.  Valdivia,  G.  M.  Milikh,  and  K.  Papadopoulos 


Departments  of  Physics  and  Astronomy 
University  of  Maryland 
College  Park,  Maryland  20742 


9  October  1995 


"On  leave  from  P.N.  Lebedev  Institute  of  Physics,  Moscow  117924,  Russia 
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—Observed  7 -ray  fluxes  associated  with  runaway  breakdown  due  to: 

(i)  Laminar  electric  fields  following  lightning  discharges  (Taranenko  et  al., 
1993;  Roussel-Dupre  et  al.,  1994;  Pasko  et  al.,  1995) 

(ii)  AC  fields  due  to  intracloud  lightning  discharges  (Milikh  et  al.,  1995; 
Rowland  et  al.,  1995) 

Analysis  up  to  day  neglected  the  presence  of  B,  and  atmospheric  density 
gradients. 

At  high  altitude  the  geomagnetic  field  could  sufficiently  influence  the  run¬ 
away  process,  since  the  gyrofrequency  of  high  energy  electrons  becomes  higher 
than  their  collision  frequency. 

We  present  here  analysis  that  includes  the  role  of  B.  Restrict  to-day  to  laminar 
fields.  Analysis  of  AC  fields  ongoing. 


306 


— For  80°  <  (3  <  90°  the  magnetic  confinement  occurs. 

Runaway  threshold  is  defined  by  the  magnetic  field. 

Process  is  independent  on  density  gradient. 

—For  0  <  P  <  60°  the  discharge  is  driven  by  the  Ex  cos/3  component. 
The  magnetic  field  reduces  cross-field  diffusion  of  runaway  electrons. 
Filaments  along  E  field  could  appear. 

— For  60°  <  (3<  80°  is  the  transient  range. 
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-30. 


Mean  Free  Path  (kin) 


£-'6  $  S/ 5  Okm 


Runaway  Acceleration 


The  equation  of  motion 

dp 

17  ~  e—  —  E-D 


B  =  0 


-  eE  +  —  (pxBj-Fo,  B^O 

cit  mc7  — 

v  =  FD/j) 

— Obtain  stationary  solution  and  runaway  threshold. 

— Study  phase  space  to  find  regions  of  runaway  acceleration. 

— Find  ionization  rate  for  runaway  electrons. 

309 


E/EC 


B/EC 


The  height  at  which  the  runaway  breakdown  increses  to  the  point  of 
conventional  breakdown. 


This  happens  when  the  value  of  the  critical  electric  field  ^coC^o)  reaches  the 
threshold  of  the  conventional  air  breakdown  ^coOio)— 10* 

For  instance,  in  E_LB  fields  it  corresponds  to  magnetic  field  B/Ec  ~27.  In  Gaussian 
units: 


.  9  kVJm  x  5/0.3  G  _  2? 

220  kV/mxP(atm) 

For  a  middle  latitude  B~0.3  G,  this  gives  p^.SxlO-0  atm. 

Thus  at  z  >  65  km  the  conventional  breakdown  dominates  over  the  runaway 
if  P  >  80°.  310 


3.  The  Electron  Runaway  Boundary 

Equation  of  the  electron  motion: 

dpX  r  .  VO  ~  •  n 

— —  =  <5o  4 - pv  sin  (3 

dr  7 


vV2  - 1 


Px, 


dpy  _  V0~ 


Px  sin  (3  +  —  pz  cos  (3 - ==  Py 

y  7  V  7  -  1 


*(7) 


dr 


dpz  70  -  a 

dr  7  * 


Px, 


7  =  V1  +Px  +  Py  +pf, 


The  dimensionless  momentum  P.r,y,z  =  Px,y,z/mc >  r  is  the  dimensionless  time 
and  (3  is  the  angle  between  E  and  B. 

Equations  were  integrated  numerically.  Results  of  the  computation  are  dis¬ 
cussed  separately  for: 

1.  E.LB,  i.e.  (3= 90°.  In  this  case  the  momentum  is  fading  along  the  axes  z,  so 
essentially  electrons  are  moving  in  the  x-y  plane. 

2.  E  II  B,  i.e  (3=0. 

3.  Arbitrary  (3. 
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n 


^kin/^kin  (cos  (3  —  1) 


runnew7.ma 


1 


Conclusions 

•  Physics  of  the  runaway  discharge  in  laminar  E,  B  fields  is  determined  by  the 
angle  (3  between  E  and  B,  and  by  their  ratio  E/B. 

•  Three  different  ranges  of  the  angle  3  were  distinguished: 

80°  <  (3  <  90  the  runaway  discharge  develops  only  if  the  ratio  E/B  is  less  than  a 
certain  critical  value;  the  runaway  electrons  reach  a  steady  state.  At  high  altitude 
the  runaway  discharge  ^merges  into  conventional  breakdown. 

0°  <  p  <  60°  the  electrons  moving  along  the  direction  of  the  magnetic  field  driven 
by  a  Ex  cos  P  component  of  the  electric  field,  and  gain  the  energy  unlimitedly. 
The  magnetic  field  manifests  itself  by  pitching  the  runaway  discharge. 

60°  <  p  <  80°  is  the  transient  range.  Electron  trajectories  are  twisted  by  the 
magnetic  field  at  low  energy  range.  Electron  then  gains  energy  along  a  straight 
trajectory. 

•  Runaway  separatrix  is  obtained,  which  separates  momentum  space  into  two 
regimes:  those  electrons  which  possess  trajectories  that  take  them  into  higher 
energies,  and  other  electrons  which  possess  trajectories  leading  to  zero  energy. 

•  Characteristic  time  required  for  the  creation  of  a  secondary  runaway  electron 
and  the  mean  free  path  of  the  runaway  electron  are  found. 
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On  the  Structure  of  the  Red  Sprites 
Lightning  as  a  fractal  antenna 


J.  Valdivia,  K.  Papadopoulos,  G.  M.  Milikh 
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HIGH  ALTITUDE  LIGHTNING 


OBSERVATIONS  — >  SPRITES!! 

•  Sentman  et  al.  [1995] 

•  Winckler  et  al.  [1994] 

•  Extreme  structures 

•  Multiple  scale  lengths 

•  Resembles  a  fractal 


THEORY  — >  SPRITES!! 

G.  Milikh,  K.  Papadopoulos,  C.  Chang,  et  al  [1995] 

•  Energetic  tails  of  D-Region  electrons 

•  Created  by  EMP  fields  due  to 

— >  Horizontal  intercloud  discharge!! 

(TWO  CASES  OF  SPRITES) 
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Winckler  et  al.  [1994] 
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HORIZONTAL  DISCHARGES 


•  Spider  Lightning 


•  Resemble  Lichtenberg  patterns 
— >  Dielectric  discharges 
— >  Fractal  with  space  filling  properties 
— >  Dimension  ~  2 

(LICHTENBERG  PATTERN  and  LIGHTNING) 
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•  Williams  [1988] 


•  Williams  [1988] 


LI  CUT  EM  be  III 


What  is  the  RELATION  to  cloud  discharge? 


•  Discharge  as  a  FRACTAL  antenna  array 

•  Characterization  by  a  fractal  dimension 

•  Radiation  pattern  depends  on  Dimension 

Important  gain 
Fine  scale  structure 


RADIATION  PATTERN 


•Use  hertz  vector  ! 


L 


n(*,w)  =  5Z-  /  /(a,tu> 

{«.}  o 


,ik\ 


Tf- 


x  —  rr 


I(s,w)  =  I(w)el  c 


B  =  —ik'WxU(x,w) 
E  —  VxVxII(x,w) 


Compute  far  field  ! 


•  Make  a  CANTOR  set  out  of  a  ring  {60} 


Specifies  the  dimension 
Radially  “peel”  the  cantor  set 


(  CANTOR  SET  AND  PEELING) 


®  ^ 


Line  elements  ->  Fractal  pattern 
Werner  et  ah  [1995] 


so  on  ! 
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DISCHARGE  STRUCTURE 


-10 


g Byg  StthlL  SCALQ 
j§fg  STflUCTU  I2.£ 


rSSfeSS 

''':0£*-A;]A  0§i 

iTS&Si 


*'  ■piw'lLC  CJr'^wTX  -f  f  i 


_ . _ . _ I _ , _ . _ . _ . _ 1-  ...- _ — ^ 


POINTING  FLUX 

0  1-  ' 


ExB 


z  =  60.  (km)  x 


0.2 

o.o 


0.20;  ••  0.25 

POINTING  FLUX  (ExB) 

z  =  60. 

(km) 

DEPENDENCE  ON  DIMENSION 


•  Power  density  depends  on  dimension 

•  Gain  depends  on  dimension 

Large  gain  can  be  obtained 

•  Structure  depends  on  dimension 

Large  scale 
Small  scale 

•  Large  scale  structure  insensitive  to  details 

•  Controlled  mainly  by  dimension 

— >  General  result  !! 

(CASES  OF  2  DIMENSIONS  with  discharges) 


327 


HOW  TO  PROBE  INTERCLOUD  DISCHARGE? 


•  Direct  correspondence  between 

Dimension  of  discharge 
radiation  pattern  that  causes  sprites 

•  Connection  can  be  made  concrete!! 

FURTHER  STUDY  — >  As  a  general  problem 

•  study  full  spatio-temporal  structures 

•  Match  for  near  field  also! 

•  Applications  in  communications 
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CONCLUSIONS 


•  Radiation  pattern  due  to  horizontal  discharge 

•  Associate  with  Sprites 

•  Dimension  of  discharge  controls 


Power  gain 
Large  scale  structure 

•  Large  scale  structure  insensitive  to  details 

•  Only  depends  mainly  on  dimension 

•  Can  be  used  as  a  probe  to  intercloud  discharge 
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Nonequilibrium  Infrared  Radiative  Modeling  -  Application  to  Sprites 
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-Model  input  needs 
Discussion  /  conclusions 


Application  to  Sprites 

IR  radiation  modeling  for  sprites  must  deal  with  several  complications: 
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■  Optically  thin,  opaque,  &  escape-function  approximations  (EFA)  not  adequate 


IR  Emission  from  High-Altitude  Discharges 
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•  These  non-LTE  models  ideally  suited  to  calculate  IR  radiance  from 
sprites 


PL  Atmospheric  and  Celestial 
Background  Effects  Code  Program 
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is 


-  CBSD2.0 
Integrated  Codes 

■  PLEXUS  2.0 
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steady-state 

•  AARC-TDBM  (Time-dependent  band  model)  -  Time-dependent 
solution  of  rate  equations 


AFOSR/PL  Workshop  on  Sprites  <§  Jets,  Hanscom  AFB,  18-1 9  Oct  1995 
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H4  339 


Af-osn/PL  Worktffop  on  Sprites  A  BiusMs,  Wrnmm  APB,  18-19  Oet  wm 


CIRRIS  4.3  pm  DATA  COMPARED  TO  ARC  MODEL  (PRELIM.) 


AFOSR/PL  Workshop  on  SpriteB  $  BhwMs,  Hanscom  AF9,  f  $-19  Oct  1995 
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-transient  ({interdependent)  effects 


AFOSR/PL  Workshop  on  Sprites  &  Blue  Jets,  Hanscom  AFB,  18-19  Oct  1995 

Applications  of  TDBM 
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-  Horizontal  extent  -  40  km 

-Electron  spectrum  -  Gaussian,  Intensity  108  eV/cm3s,  E0~2.5  eV 
AE/En~0.4,  Gaussian 
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Vibrational  Temperature  (K) 
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SPRITE:  Limb  Radiance  (Individual) 


Limb  Rad  in  nee  (W/cm2  sr) 


Observation  of  ^Soun-COa  Radiance  in  Recites  from 
Ground-based  and  Airborne  Platforms  -  Case  Study 

•  Observation  conditions- 
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-  sprite  only  Observable  at  4.3  pm  from  stratospheric 
aircraft  and  balloon  platforms 


SPRITE:  35,000  FT  lo  85  km,  400  km  Slant  Range 


Wavelength  (micrometer) 


Wavelength 


SPRITE:  1 10,000  FT  to  85  km,  400  km  Slant  Range 


Wavelength  (micrometer) 


AFOSR/  PL  Workshop  on  Sprites  &  Blue  Jets,  Hanscom  AFB,  18-19  Oct  1995 
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important 

-At  4.3  pm  airborne  platform  appears  necessary 


IUGG  XXI  General  Assembly,  Boulder,  2-14  July  1995 
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AFOSR/PL  Workshop  on  Sprites  &  Blue  Jets,  Hanscom  AFB,  18-19  Oct  1995 

Future  Work  ■  IR  Radiative  Models  for  Sprites 

•  Incorporate  diffusion  model  for  horizontal  transport  into  AARC-TDBM 
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Geophysics  Directorate 


<D 

3 

"U 

0 

o 

3 

CO 

■ 

"O 

CO 

s-  c o 

O  CD 
--  O) 

2  <5 

CL  o 
W  co 
O  *“ 

E  ^ 

.3  o 
CO 

c 

co  g- 
c  o 

1  £ 

0  CO 
O  0 

3  ■§ 

jS  3 

X.  -t-> 

c  ^ 
®  To 

CD  <L 

N  *5, 

D  Ml 

CD  JI 

o  ■£ 

co  E 

2  W 


o 


co 


CO 

X- 

(D 

CO 

3 

To 

3 

O 

■  8EBH 
+«■ 
CO 

CD 

Q. 

O 


< 

O 

+-» 

0 

CO 

CO 

n 

To 

o 


o 

0 

c 

o 

'co 

3 

0 


19ocl95  .3 
10/17/95 


o 

o 

4-9 

0 

0 


©8 

c 

CO 

E 

4-* 

£ 

0 

CA 

TJ 

0 

£ 

IBB 

E 

0 

4-» 

0 

■D 

>* 

O 

o 

o 

Cl 

O 

E 

0 

-H-* 

■  Hi 

a 

0) 


0 

> 

BBSS 

rK 

0 

o 

CL 

4-* 

0 

a_ 

E 

CM 

z 

0 

0 

°o 

0  ^ 
1£  0 

1  c 
0  0 
■O  S 

c  - 
o  o 
0  o 

tn  ■+”* 


0 

0 


0 
EH 

E 

0 

T5  og 

0  _ 
a-  £ 

0  J5 

■£  I 

CL  £ 
CO  0 
(/) 


0 

4-» 

0 

■o 

0 

U) 

0 

E 

B  BBS 

E 

o 


T3 

0 

£ 


0 

4-9 

0 

T3 

0 

0 

0 

£ 


U) 


0 

0 

0) 

£ 

0  _ 
a-  ^ 

4- 

(D  o 
— •  o 
0 


0 

0 


08 


3 

T3 
£ 

0  £ 

a)  2 
■=  £ 
Q.  £ 

w  % 

•  w« 


0 

> 

"«3 

0 

O) 

0 


0 


CM 


0 

3 

"U 


CD 

h* 

CM 

4-9 

0 

X5 

0 


0 

0 

0 


£ 

O 

0 

0 

BOBS 

E 

0 

0 

3 

n 

0 


0> 

£ 

O 


O.  £ 
w  < 


05  r*- 

If 


362 


Ultra-bright  precursor  flash  (elf)  identified  (Fukunishi,  Lyons) 
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Fundamental  understanding  of  discharge  dynamics  (electro-,  chemical) 


Model  Assessment  &  Upgrade 


-  Modified  high-altitude  atmospheric  radiance  code 


-  Add-on  to  automated  data  processing  software  to  flag 
atmospheric  discharge  events  and  analyze  emissions 
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Data  Reduction  — >  Calibrated  Data  Sets 


4-Band  Radiometer  (2.2  -  4.6  microns) 
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and  other  diagnostics  at  Millstone  Hill 


19oct95  .14 
10/17/95 


Model  Upgrades 


ARC  -  Quiescent  IR  Backgrounds 
AARC  -  Auroral  IR  Backgrounds 
•  AURIC  -  UV/VIS  Backgrounds 
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AN  AIRBORNE  IMAGING  SPECTROMETER 
IN  OPERATION  AND  AVAILABLE  FOR  COLLECTIONS 

P.  Kupferman 


EXPERIENCED  TEAM  (10+  YEARS) 

PROVIDES  MISSION  PLANNING,  OPERATIONS 
ANALYSIS  AND  DATA  DISTRIBUTION 
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and  Operation  Sites 
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4J  km  x  12.5  km  mosaic  image  formed  from  seven  muliispectral  Uightlines  over  Kilauea  volcano 
(Hawaii),  depicting  extensive  subsurface  lava  tube  network,  ocean  thermal  plumes. 
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Sensor  Basic  Capabilities 
-  Continued  - 
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Sensor  Basic  Capabilities 
(Currently  Available) 
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Types  of  pointing:  Computer,  Manual 
Types  of  tracking:  Correlation,  Edge,  Centroid 


SENSOR  BASIC  CAPABILITIES 
-  Continued  - 
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<10%  Absolute  Traceable  to  NIST  Standards 

<2%  Relative  Spdctrometric  Accuracy  Band-to-Band 

<1%  Relative  Radiometric  Accuracy  wl'.n  a  Spectral  Band 


SENSOR  BASIC  CAPABILITIES 
-  Continued  - 
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Wavelength  (um) 


SENSITIVITY  OF  ARES  SPECTROMETER 
SUFFICIENT  FOR  SPRITE  MEASUREMENTS 
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STATED  CONCLUSIONS 


l 

J 


DATA  NOT  RESPONSE  CORRECTED  SO  CONCLUSIONS  VERY  PRELIMINARY 

OBSERVE  N,  B  STATE  LEVELS  UP  TO  DISSOCIATION  LIMIT 

15  eV  ELECTRONS  REQUIRED  TO  PRODUCE  THESE  STATES 
ATOMS  LIKELY  FORMED 

AT  IONIZATION  POTENTIAL,  WITHIN  FEW  eV  OF  THRESHOLD 
*  ATOMS  AND  IONS  TURN  ON  CHEMISTRY 


RELATIVE  BRIGHTNESS  OF  N2+  1st  NEGATIVE  TO  N2  1st  POSITIVE 
PROVIDES  INSIGHT  INTO  ELECTRON  ENERGY  DISTRIBUTION 


OBSERVED 

OBSERVED 


SPRITE  DISTRIBUTION  VIBRATIONALLY  COLDER  THAN  THAT 
IN  LAB  keV  ELECTRON  IRRADIATED  N2  AT  PRESSURES 


CORRESPONDING  TO  68km 


IF  THIS  CONCLUSIONS  HOLDS  UP  IN  RESPONSE  CORRECTED  DATA,  IMPLIES 
EXCITATION  ELECTRONS  LESS  ENERGETIC  THAN  AURORAL,  LESS  THAN 

100  eV 


OPTICAL  EMISSIONS  CAN  PROVIDE  INSIGHT  INTO  MECHANISMS  AND 
THRESHOLDS  VIA  ELECTRON  ENERGY  SPECTRUM 


1 
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Discussion  of  Major  Research  Issues  and 
Experiments  for  Sprites  ‘96  Campaign 


Altitude-dependent  measurements  of  N2+(1IM)/N2(1P)  ratio 

Gamma  rays  (local) 

-  High-altitude  balloons 

Horizontal  Luminosity 

-  Temporal/spatial  structure  (neutral) 

-  Gravity  wave  coupling 

-  Elf-Gravity  wave 

-  Discharge  dynamics 

-  Coupling  to  neutrals 

Atmospheric  monitoring  of  jets 

-  Optical/I R  spectra 

High  frame  rate  optical  measurements  (2000  frames/second) 

-  Add  multi-spectral 

High-speed  photometers  (<0.5  ms) 

-  NIR  (atomic,  ion  lines) 

Co-aligned  photometer/spectrometer 

Low-light  cameras 

-  Blue  sensitive 

UHF/VHF 

-  Compare  with  TIPPS 

Causative  lightning 

-  Optical 

-  RF 

-  new  NLDN  sensors  (waveforms) 

Additional  optical  stations 

-  Triangulation 

VLF/ELF  signals 

-  GPS  clock 

-  Sync  with  “anomalous  events” 

20  km  balloons 

-  Electric  fields/charge  distributions 


Cosmic  rays 


•  C02/N0  characterization 

-  Ground-based 

•  VLF  remote  sensing 

-  Ionization 

•  Mesoscale  structure  of  lightning 

9 

•  Radar 

-  Temperature  data 

-  Scattering  data 

-  Other  possible  outputs 

•  IR  signatures 

-  ARES  measurements 

•  Relativistic  electrons 

-  Important? 

•  Threshold 

-  Why  not  more  sprites? 

®  Relationship  to  +CG’s 

•  Correlations  with  ELF 

•  Potential  Locations/Dates 

-  Last  week  June  -  Mid  July 

-  Midwest 

-  Moon  down  (July  15  -  new  moon) 

-  Local  midnight 

-  Coordinate  with  ARM,  OK,  and  other  sites 

•  Potential  Aircraft/Balloon  Platforms 

-  FISTA 

Y  -  ARES  (Petersen  AFB,  Tinker  AFB) 

-  NCAR  (Jefferson  County  Airport) 

-  NASA  ER2 

-  Balloons  -  LANL,  OK 

*  -  Sounding  rockets 

-  Drop  sondes 

•  Potential  Ground-Based  Assets 

-  NLDN 

-  Chase  vans 

-  Electric  field  mills  (MIT/LL) 

-  Multiple  sites  (“long  baseline”)  -  NM,  Univ.  of  Wyoming 
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Groups  Interested  in 
Sprites.  Blue  Jets,  and  Elves 


Russ  Armstrong 
Mission  Research  Corporation 
Atmospheric  Sciences 
One  Tara  Boulevard 
Suite  302 

Nashua,  NH  03062-2801 
Telephone:  (603)  891-0070,  Ext.  203 
Fax:  (603)  891-0088 

Email:  @  lanl.gov:rarmstrong  @  mrcnh.com 

Grant  Aufderhaar 
Aerospace 

Telephone:  (703)  318-5421. 

Sunanda  Basu 
National  Science  Foundation 
Division  of  Atmospheric  Sciences 
4201  Wilson  Boulevard 
Room  790 

Arlington,  VA  22230 
Telephone:  (703)  306-1529 
Fax:  (703)  306-0849 
Email:  sbasu@nsf.gov 

William  Beasley 
University  of  Oklahoma 
School  of  Meteorology 
Norman,  OK  73019-0470 
Telephone:  (405)  325-6561 
Fax:  (405)  325-7689 
Email:  wbeasley@uoknor.edu 

Paul  Bernhardt 
Naval  Research  Laboratory 
Beam  Physics  Branch 
MC  4780  1 PB 

Washington,  DC  20375-5320 
Telephone:  (202)  767-0196 
Fax:  (202)  767-0631 
Email:  bern@ppd.nrl.navy.mil 

Dennis  Boccippio 

NASA  Marshall  Space  Flight  Center 
ES44 

Huntsville,  AL  35812 
Telephone:  (205)  922-5909 
Fax:  (205)  922-5723 
Email:  djboccip@cirrus.mit.edu 


William  Boeck 
Niagara  University 
Department  of  Physics 
CIS 

Niagara,  NY  14109 
Telephone:  (716)  285-1212 
Fax:  (716)  286-8254 
Email:  boeck@niagara.edu 

Bob  Boldi 

MIT/Lincoln  Laboratory 
Group  43 
SI -61 3  (L  Lab) 

Lexington,  MA  02173-9108 
Telephone:  (617)  981-2293 
Email:  bobb@ll.mit.edu 

Eric  Bucsela 

Naval  Research  Laboratory 
4555  Overlook  SW 
Washington,  DC  20375 
Telephone:  (202)  767-61 66 
Email:  bucsela@uap.nrl.navy.mil 

Lin  Callis 

NASA  Langley  Research  Center 
Atmospheric  Sciences  Division 
Hampton,  VA  23681 
Telephone:  (804)  864-5843 
Fax:  (804)  864-6326 
Email:  lbc@jaguar.larc.nasa.gov 

Hugh  Christian 

NASA  Marshall  Space  Flight  Center 
Global  Hydrology  and  Climate  Center 
977  Explorer  Blvd. 

ES  43,  Room  B210 

Huntsville,  AL  35806 

Telephone:  (205)  922-5828 

Fax:  (205)  922-5723 

Email:  hugh. Christian  @  msfc.nasa.gov 
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Michael  Desch 

NASA  Goddard  Space  Flight  Center 
LEP 

Code  695 

Greenbelt,  MD  20771 
Telephone:  (301)  286-8222 
Fax:  (301)286-1683 
Email:  ysmdd@lepmdd.gsfc.nasa.gov 

Capt.  David  Desrocher 
National  Test  Facility 
730  Irwin  Ave. 

NTF/WE 

Falcon  AFB,  CO  80912-7300 
Telephone:  (719)  567-9450 
Fax:  (719)  567-9464 
Email:  ddesroch@inet.ntf1.af.mil 

Eric  Dors 

University  of  New  Hampshire 

Space  Science  Center  -  254  Morse  Hall 

39  College  Road 

Durham,  NH  03824 

Telephone:  (603)  862-3751 

Email:  eric.dors@unh.edu 

Frank  Djuth 

GeoSpace  Research  Inc. 

550  North  Continental  Blvd. 

Suite  110 

El  Segundo,  CA  90245 
Telephone:  (310)  322-1160 
Fax:  (310)  322-2596 

Ken  Eack 

University  of  Oklahoma 
Department  of  Physics  and  Astronomy 
Norman,  OK  73019 
Email:  keack@uoknor.edu 

Philip  Erickson 
MIT  Haystack  Observatory 
Atmospheric  Science  Group 
Westford,  MA  01886 
Telephone:  (617)  981-5769 
Email:  pje@hyperion.haystack.edu 


Jim  Ernstmeyer 

Massachusetts  Institute  of  Technology  &  RL 
Department  of  Electrical  Engineering 
Telephone:  (617)  377-8977 
Email:  imjay@mit.edu 

Gerald  Fishman 

NASA  Marshall  Space  Flight  Center 

Space  Science  Laboratory 

Code  ES81 

Huntsville,  AL  35812 

Telephone:  (205)  544-7691 

Fax:  (205)  544-5800 

Email:  fishman@ssl.msfc.nasa.gov 
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